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Abstract 
Outcrops of the Naga Hills Ophiolite (NHO), a possible eastern extension of 
the ophiolitic belt running along the India-Asia suture, in northeast India include a full 
suite of ophiolitic rocks. High-pressure, low-temperature (HPLT) blueschist rocks 
occur as blocks within a serpentinite-matrix melange nearby. Although Upper Jurassic 
radiolarians have been reported from the ophiolite (Baxter et al., 2011), few 
constraints exist for the timing of its emplacement onto India. 
Conglomerates of the Phokphur Formation unconformably overlie a 
dismembered ophiolite melange, which includes sediments sourced from both the 
ophiolite and the margin of the Indian subcontinent. Notably, no Asian margin-
derived detritus is recognised in the Phokphur Formation giving them a similar 
signature to the Liuqu conglomerates of Tibet (Davis et al., 2002)). This detailed 
study of the Phokphur sediments produced important chronological constrains on the 
NHO formation and emplacement. Studies of detrital sandstone petrography confirm 
a recycled orogen provenance for the Phokphur Formation and thus serve as a test of 
the methods of Dickinson and Suczek (1979) and Garzanti et al. (2007). Detrital 
zircon data strongly indicates a Gondwana provenance for the Phokphur Formation 
and help to further constrain the timing of ophiolite emplacement. This study 
indicates various Gondwanan source terranes for the Phokphur conglomerate and 
helps to constrain the timing of NHO emplacement. 
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Statement of Purpose 
 The Naga Hills Ophiolite (NHO) in northeastern India represents the eastern 
extension of the ophiolite belt running along the India-Asia suture (Gansser, 1964). 
The Naga Hills region exhibits a complete ophiolite suite that has been assigned an 
Upper Jurassic age based on well-preserved radiolarian tests (Baxter et al., 2011) 
extracted from red cherts that comprise the ophiolite succession. Overlying the NHO 
are polymictic conglomerates of the Phokphur Formation. The Phokphur 
conglomerates are similar to the Liuqu conglomerate in Tibet described by Davis et 
al. (2004) in that they contain only detritus from India and an intraoceanic arc with 
which it collided. Careful analysis of Phokphur Formation hand specimens, thin 
sections and detrital zircon geochronology all confirm a lack of Asian-derived 
material. 
The primary purpose of this study is to utilise U-Pb geochronology of detrital zircons 
collected from the Phokphur sediments to establish the age and provenace of the 
Phokphur Formation and to constrain the timing of emplacement of the NHO. The 
clastic sediments of the Phokphur Formation also hold valuable information on other 
source terranes and thus can further understanding of India’s original position in 
Gondwana and its journey north to where it is today.  
Introduction 
 The India-Asia collision provides the type example of continent-continent 
collision but many of the details of this event still remain hotly debated. Scientists 
even struggle to agree on a time of collision due to conflicting interpretations and 
tectonic models [e.g. Molnar and Tapponnier, (1975), Searle et al., (1987), Aitchison 
et al., (2007)]. Molnar and Tapponnier (1975) recognised changes in marine 
sedimentation in the Eocene as well as changes in fossils in middle Eocene sediments, 
noting “the Eocene-Oligocene boundary…appears to mark a change in the tectonics 
throughout Asia”. As a consequence, they suggested a time of collision around the 
Eocene/Oligocene boundary (34 Ma). However, other scientists support a 
Paleocene/Eocene boundary collision (55 Ma) based on observations of the 
development of the Gangdese batholith, and paleomagnetic records from volcanic 
rock samples [e.g. Searle et al., (1987)]. The Gangrinboche Conglomerates are the 
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oldest rocks to contain material from both India and Asia and they are assigned to the 
late Oligocene-early Miocene (Aitchison et al., 2002; 2007). Paleomagnetic data show 
a decrease in India’s northward speed beginning at 57 Ma, and a second, more 
dramatic, slowdown sometime between 20-30 Ma (Acton, 1999). Aitchison et al. 
(2007) suggest that the collision and emplacement of an intraoceanic arc onto the 
northern margin of India may explain the decrease in India’s northward speed at 55 
Ma rather than the larger collision of India and Asia. They also cite the Gangrinboche 
Conglomerates in Tibet as evidence of a later collision. The existence of an island arc 
within Neotethys is not a new theory (Allegre et al., 1984), but geological evidence 
for the existence of this arc within the Yarlung Tsangpo Suture Zone has only been 
recognized in the last fifteen years (Aitchison et al., 2000). 
Yarlung-Tsangpo Suture Zone 
The Yarlung Tsangpo Suture Zone (YTSZ) and its counterparts along India’s 
borders (the Indus Suture) provide some of the only direct evidence of the ancient 
Neotethys Ocean separating India and Asia. Thus, it is a key area of interest for 
studies of the India-Asia collision and the Himalaya orogeny. Evidence for the 
existence of an intraoceanic south-facing subduction system can be found in the 
Dazhuqu, Zedong and Bainang terranes in Tibet (Aitchison et al., 2000; Hébert et al., 
2012).  
The Dazhuqu terrane exhibits remnants of a tectonically disrupted supra-subduction 
zone ophiolite. Despite this deformation, Nicolas et al. (1981) was still able to 
identify pillow lavas cut by diabase dykes, cumulate gabbros, ultramafic rocks and a 
serpentinised harzburgite and dunite formation in outcrops near Xigaze. The units 
near Xigaze show evidence of normal and strike-slip faulting, which helps to explain 
their heavily attenuated appearance (Aitchison et al., 2000). Radiolarian 
biostratigraphy indicates the ophiolite preserved within the Dazhuqu terrane formed 
in the Early Cretaceous around the late Barremian to late Aptian, ~125 Ma (Ziabrev et 
al., 2003). Hébert et al. (2012) reported the presence of boninites, arc tholeiites and 
back-arc basalts further lending support to theories of formation in a supra-subduction 
zone setting.  
The Zedong terrane, which incorporates island arc volcanic and volcaniclastic rocks 
such as andesites, basaltic-andesites and andesitic breccias, also displays evidence of 
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intraoceanic arc affinity (Aitchison et al., 2000). Furthermore, intrusive volcanics 
found in Zedong terrane indicate a tholeiitic affinity making any relation to nearby 
volcanics of the Lhasa terrane (of calc-alkaline affinity) highly improbable (Aitchison 
et al., 2000) and lending further evidence to support a separate source for the rocks of 
the Zedong terrane. Geochronologic and fossil data presented by McDermid et al. 
(2002) and Aitchison et al. (2007) indicate the intraoceanic system of which Zedong 
terrane was active from Late Jurassic to Early Cretaceous.  
The Bainang terrane is located south of the Dazhuqu (remnant ophiolite) terrane and 
the two exhibit a faulted contact (Aitchison et al., 2000). The imbricated fault slices 
within the Bainang terrane contain basalt, red ribbon bedded chert, siliceous mudstone 
and other fine-grained clastic sediments (Aitchison et al., 2000). Dating of 
radiolarians collected from thrust slices yields Upper Triassic to Lower Cretaceous 
ages (Aitchison et al., 2000; Wu, 1993; Ziabrev et al., 2004) for Bainang material. 
Such stratigraphy is similar to typical subduction complexes except it lacks large 
volumes of clastic sediment, which typically erode from a continental margin arc 
(Aitchison et al., 2000). Due to this key distinction, Aitchison et al. (2000) suggest the 
Bainang terrane represents an intraoceanic subduction zone where Neotethys 
subducted beneath an intraoceanic arc until, possibly, the arc collided with Greater 
India.  
The Liuqu Conglomerate is another unit of interest found in the Yarlung Tsangpo 
Suture Zone. Older than the Gangrinboche Conglomerates, the facies architecture 
suggests that these collisional conglomerates were rapidly deposited during the 
Paleogene (Davis et al., 2004). The Liuqu Conglomerates contain material derived 
from the Dazhuqu, Bainang, Zedong and Indian terranes but no material from the 
Asian Lhasa or Xigaze terranes (Davis et al., 2004). Coarse grain-size and immature 
texture indicate source proximal deposition (Davis et al., 2004). Based on this 
evidence and lateral offsets between sediments and adjacent basement, Davis et al. 
(2002) contend the Liuqu conglomerate is a product of collision between an 
intraoceanic arc and Greater India, making its formation the first of two phases of 
molasse sedimentation in the region (Davis et al., 2004). The second phase, from Late 
Oligocene to early Miocene, was likely brought on by the collision of India and Asia 
and responsible for the deposition of the Gangrinboche conglomerates and 
correlatives (Aitchison et al., 2002). 
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Pre-collision India 
It is imperative that any research regarding the India-Asia collision pays 
careful attention to defining the nature of India before collision or, as it is often called, 
“Greater India”. This derives from the logic that the Indian sub-continent must have 
been larger before collision with Asia (and at least one intraoceanic arc) as the 
collision of continental masses naturally leads to shortening of the crust of the 
colliding entities. In the majority of Greater India reconstructions, scientists propose a 
rifted margin for the northern margin of India [e.g. DeCelles et al., (2002), Yin and 
Harrison, (2000)]. As a result of rifting, India’s northern margin would have been 
thinned and extended, making the ocean-continent transition zone quite broad. It is a 
logical assumption that whatever lay north of India when it was part of Gondwana 
rifted away and thus northern India would exhibit a typical rifted margin with a wide 
zone of continent-ocean transition. However, as Ali and Aitchison (2005) suggest, 
perhaps the history of Greater India’s separation from Gondwana is not quite so 
simple. Their research (Ali and Aitchison, 2014) expands an earlier suggestion that 
perhaps the boundary between Greater India’s northern margin and the Wallaby-
Zenith Plateau was a dextral transform fault (Ali and Aitchison, 2005) that scythed 
across the northern edge of the continent.  
The key to understanding the Ali/Aitchison model is recognizing the importance of 
the Wallaby-Zenith fracture zone in the southern Indian Ocean. Not only does it 
record Greater India’s break away from Gondwana in the early Cretaceous (Brown et 
al., 2003), it also represents the northeastern boundary of the Perth Abyssal Plain, the 
Gondwana counterpart to India’s northern margin as Eastern Gondwana broke apart 
(Ali and Aitchison, 2005). Using the Wallaby-Zenith fracture zone as a guideline for 
the position of Greater India’s northern margin, Ali and Aitchison (2005) estimated 
India’s northern margin extended about 950 kilometres. In addition, the curvature of 
the Wallaby-Zenith Fracture Zone requires that the Greater India northern margin 
would have curved slightly northwards to complement this shape (Ali and Aitchison, 
2014).  
While Ali and Aitchison (2014) agree that India’s separation from Gondwana 
began as simple rifting, only the western section of Greater India’s northern margin is 
actually a classic rifted margin. Further to the east, the Indian passive margin 
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developed between 132-110 Ma along a dextral scything margin rather than a simple 
rifted one, similar to the separation of northeastern South America from western 
Africa (Ali and Aitchison, 2014). So, whereas the western section of Greater India’s 
northern margin would have been extended with a wide ocean-continent transition, 
further east the contact would have been only about 20-30 km wide (Ali and 
Aitchison, 2014). This scything margin is, however, of little consequence to geology 
in Nagaland as the eastern boundary of the Indian sub-continent exhibits a simple 
rifted margin (Gibbons et al., 2012).  
Southeast Asian terranes 
 
Figure 1. Map of Southeast Asian terranes modified from Metcalfe (1996) depicting 
terranes discussed in text. Red dot represents approximate location of Nagaland, 
India. EM-East Malaya, WB-West Burma, L-Lhasa Terrane, QT-Qiangtang Terrane, 
SWB-Southwest Borneo, S-Semitau Terrane, QS-Qamdo-Simao Terrane, SI-Simao 
Terrane, SG-Songpan Ganzi accretionary complex, KL-Kunlun Terrane. 
India was not the only terrane to rift away from Gondwana in the Mesozoic; 
most of Southeast Asia is composed of rifted fragments of Gondwana and volcanic 
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arcs that are now sutured together (Fig. 1). Paleomagnetic, paleonotologic, and 
stratigraphic evidence from the region indicate the Southeast Asian terranes are 
sourced primarily from northwestern Australia and northeastern Greater India 
(Metcalfe, 1988; 1996; Sevastjanova et al., 2011).  Deep seismic studies of 
northwestern Australia shed light on a period of extension and thinning in the region 
from the mid-Carboniferous to Early Permian (Colwell, 1994). The sourcing of 
Southeast Asian terranes from Gondwana, particularly in regions proximal to Greater 
India, means many Southeast Asian terranes may share a common history with 
Greater India, and may even contain common source rocks and features.  
The earliest crustal blocks to separate from Gondwana in the Devonian would 
later produce the North and South China, Indochina and East Malaya terranes 
(Metcalfe, 2002). The Cimmerian continent (consisting of the Sibumasu, Qiangtang 
and other ribbon terranes) separated from Gondwana in the Early-mid Permian 
evidenced by the presence of Lower Permian glaciomarine diamictites (Metcalfe, 
1988). The diamictites are likely the result of detritus sourced from the late Paleozoic 
Gondwana ice cap that rested atop Antarctica and southern India at the time (Blakey, 
2008; Eyles, 1993). The derivation of the Cimmerian continent from Gondwana is 
also evidenced by distinctive Gondwana fauna and flora preserved in pre-Early 
Permian sediments (Metcalfe, 1988) in both Qiangtang and Sibumasu. Moreover, the 
fossils preserved in Sibumasu sediments have a particular link to species known in 
northwestern Australia (Metcalfe, 1988; 1996), further constraining the previous 
position of the Sibumasu terrane. In contrast, younger fauna of Sibumasu are more 
like those of Indochina and South China, an indication of its proximity to other 
Southeast Asian terranes by the Late Paleozoic/Early Mesozoic (Metcalfe, 1988). 
Between Late Triassic and Late Jurassic time, the Lhasa, West Burma and 
Woyla blocks separated from Gondwana. The Lhasa block exhibits Early Paleozoic to 
Early Permian fauna and flora that share many similarities with species of Sibumasu 
and northeast Gondwanaland (Metcalfe, 1996). In addition, detrital zircons from 
Paleozoic metasedimentary rocks within Lhasa terrane show a defined peak around 
1170 Ma (possible link to Albany-Fraser in Australia) and produce the same Hf 
isotope values as sediments of the same age in Western Australia (Zhu et al., 2011). 
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The core of Southeast Asia, known to geologists as “Sundaland”, is believed 
to have formed as a result of Paleozoic rifting of (the above described) slivers of 
Gondwana that sutured together during the Mesozoic to form present day Southeast 
Asia (Metcalfe, 1996). Sundaland was previously regarded as a product of collision 
between the Sibumasu terrane and Sukhothai Arc and later the Indochina block in the 
Triassic. However, with new data coming to light, more recent research has suggested 
that the Sukhothai Arc may have collided with the East Malaya terrane in the late 
Permian and these two terranes then moved as one entity that collided with Sibumasu 
in the Middle to Late Triassic [(Sevastjanova et al., 2011; Sone and Metcalfe, 2008)]. 
Today, Sundaland is composed of the Indochina and East Malaya blocks plus 
Sumatra, Java and Borneo (Hall, 2009). Sundaland experienced tectonic disruption 
(largely transpression) as a result of the India-Asia collision (Hall, 2009; Metcalfe, 
2002). However, the details of Sundaland’s deformation at this time are not fully 
understood. Additional study of both Sundaland and the Himalaya region is necessary 
to shed light on any potential relationships between the two. From Permian to 
Cretaceous time, Sundaland was intruded by numerous syn- to post-collisional 
granitoids (Sevastjanova et al., 2011) known as the Southeast Asia tin belt (Cobbing 
et al., 1992). The belt extends from the Indonesia Tin Islands through the Malay 
Peninsula to Thailand and contributes a large volume of detrital zircons to the 
sediments of Sundaland (Sevastjanova et al., 2011). These granitoids may be the 
product of subduction of Paleotethys leading up to the collision of Sibumasu and East 
Malaya (Metcalfe, 2002; Sevastjanova et al., 2011).  
An important feature of the Southeast Asia terranes is the presence of 
glaciomarine diamictites in Sibumasu. The diamictites are believed to be derived from 
Gondwana “where icebergs from Gondwana ice fields would have reached the peri-
Gondwana shallow marine shelf” (Metcalfe, 2011). Ridd (2009) also identified 
conspicuous “glacially-influenced” diamictites on the margin of Sibumasu in the 
“Phuket Terrane” (also known as the Kaeng Krachan Group) of Thailand’s northern 
peninsula. The pre-Middle Permian Phuket Terrane may represent a rift-infill unit that 
preserves evidence of the rifting of Sibumasu from Gondwana (Ridd, 1980; Ridd, 
2009). Cooper et al. (1989) also saw the diamictite belt, though they followed its 
continuation north to Mandalay through Myanmar. Further connecting Sibumasu with 
NW Australia are tectonostratigraphic similarities between the Phuket Terrane and the 
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Carnarvon Basin of Western Australia (Eyles et al., 2003). Geologic assessments of 
the basin cite the presence of Middle Permian diamictites, possibly a result of the 
infilling of rift basins formed by the separation of Sibumasu from Gondwana (Eyles et 
al., 2003; Metcalfe, 2011). 
Nagaland Regional Geology 
The location for this study occupies a unique position in regards to the India-
Asia collision. Nagaland is known as one of the Seven Sister States of India and sits 
in the far northeast corner of the country, on the eastern side of Bangladesh (Fig. 1). 
Due to its position on India’s eastern border with Myanmar, Nagaland was not 
involved in the head-on collision of India and Eurasia and remains the site of east-
directed subduction beneath Myanmar where an active chain of calc-alkaline 
volcanoes still exists (Fig. 2). However, because of its proximity to the Himalaya as 
well as to the Southeast Asian terranes, research on Nagaland’s geology may prove to 
be an essential part of understanding the puzzle of the overall region.  
The North-South oriented Indo-Myanmar Ranges (IMR) connect with the 
eastern Himalaya Range in the far northeast corner of India at the Lohit 
Himalaya/Eastern Himalaya Syntaxis/Namcha Barwa (Ghose et al., 2010). 
Brunnschweiler (1966) was one of the first geologists to access the region (many parts 
solely by mule train) and described the rocks present primarily as Tertiary flysch, 
schists and ophiolitic belts. It has also been suggested that the IMR is the land-based 
extension of the Andaman-Indonesian island arc (Acharyya et al., 1990; Ghose et al., 
2010). This is primarily based on the occurrence of late Mesozoic-early Paleogene 
ophiolitic rocks along the eastern boundary of the IMR that continues as far south as 
the Andaman-Nicobar islands (Acharyya et al., 1990). This belt likely represents the 
suture between the Indian and Burmese plates. Late Mesozoic-early Cenozoic 
ophiolitic rocks also appear along the northern margin of the Himalaya, likely 
recording the closure of Neotethys [e.g. Maheo et al., (2004); Searle et al., (1997)].  
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Figure 2. Map of the eastern India/Myanmar region, from Baxter et al. (2011) 
depicting the location of the Naga Hills (NO) and Chin Hills (CHO) ophiolites along 
the suture (NAS-Naga-Andaman Suture) between India and Myanmar.  
 
Lithologic units of the Naga Hills 
The Naga Hills region is the northernmost section of the IMR and runs 
through the states of Nagaland, Manipur, Arunachal Pradesh and parts of Myanmar.  
The Naga Hills region contains a variety of different lithological units including the 
Naga Metamorphic sequence (covered by the Nimi Formation), Disang Flysch, Belt 
of Schuppen, Naga Hills Ophiolite (NHO) and Phokphur/Jopi Formation (Acharyya et 
al., 1986).  
Fig$3.$Regional$map,$sampled$area$
shown$within$red$box$(Baxter$et$al.,$
2011)$modiﬁed$from$(ChaAerjee$
and$Ghose,$2010).$
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The Naga Metamorphics outcrop along the eastern edge of the IMR. Though 
Brunnschweiler (1966) assigned them a pre-Mesozoic age, no fossils have been found 
within this sequence of rocks (Acharyya et al., 1986). They consist largely of dark and 
graphitic phyllites, biotite, muscovite, mica schists and phyllites, quartzite, marble, 
gneisses and banded paragneisses with garnet (Acharyya et al., 1986). Together with 
the Nimi Formation, the Naga Metamorphics overlie the eastern margin of the IMR 
(Ghose et al., 2010).  
The Nimi Formation is a tightly folded and strongly deformed sequence 
consisting mainly of phyllite, quartzite and marble (Acharyya et al., 1986). Although 
minor, the quantity of limestone within this sequence is greater than that in any other 
unit in the area (Ghose et al., 2010). The rocks of the Nimi Formation are weakly 
metamorphosed but there is a noticeable increase in metamorphic grade moving 
eastward from the Naga Hills region (Ghose et al., 2010). From personal 
communication with R. Soonwal and S. Bhattacharya, Acharyya et al. (1986) 
suggested a Middle Cretaceous age based on the occurrence of the foraminifer 
Orbitolina sp. in the Nimi Formation, although the lack of any photos or evidence of 
these specimens suggests this requires a further investigation. The Naga 
Metamorphics and Nimi Formation are together thrust over the Disang Flysch unit. 
The Disang Flysch is a thick (~3000 m) turbidite sequence exposed west of 
the NHO (Ghose et al., 2010). This thick succession of “splintery grey and black 
shales” (Acharyya et al., 1986) and fine-grained sandstones (Ghose et al., 2014) is 
interpreted as trench deposits derived from the northeastern Indian shield and the 
highlands of Myanmar (Ghose et al., 2010). An alternative interpretation is that the 
Disang and Barail sequences represent sediments of an epicontinental sea in which 
the Disang sequence was deposited on the shelf and the Barail on the continental 
margin (Vidyadharan et al., 1989). This is based on the coarsening upward sequence 
of Disang (mainly shale, slate, phyllite and schist) into the more fluviatile Barail 
sequence (sandstones, calcareous shales, fossil-rich limestones and conglomerates) 
(Ghose et al., 2010). Ripple marks, grading and cross bedding and sole marks all 
suggest the Disang sequence was deposited in shallow water (Agrawal and Ghose, 
1986) though the presence of turbidites (Truscott, 2014, unpublished) makes shallow 
water an unlikely setting. Evans (1964) reported a late Eocene age for Disang 
sediments based on his finding of Nummulites, a foraminifer. Acharyya et al. (1986) 
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suggested a Late Cretaceous to Late Eocene age based on analysis of bivalves, 
gastropods and forams in the sediments. The NHO is thrust westward over the Disang 
Flysch and the boundary between the two is a series of mixed lithologies with heavy 
brecciation (Ghose et al., 2014).  
An area referred to as the Belt of Schuppen (Evans, 1964) on the western edge 
of Disang Flysch is a molasse basin that has been heavily disrupted by a series of 
imbricate thrust faults. The belt is Paleogene-Neogene age and is likely a result of the 
suturing of the Indian and Myanmar plates (Ghose et al., 2010). Before continuing on 
to a description of the NHO, it may be useful to first review the development of the 
ophiolite concept and its significance as a geological feature. 
Ophiolite Geology 
Studies of ophiolite successions on land are responsible for much of our 
understanding of the oceanic lithosphere and provide the only evidence of seafloor 
spreading older than 170 Ma (Dilek and Furnes, 2014). However, understanding the 
formation and emplacement of such rocks has always been the topic of much debate. 
Ophiolites were first described by Brongniart (1813) as a series of rocks with a 
serpentine matrix surrounding iron oxides and various other accessory minerals 
(Dilek, 2003). Not surprisingly, since this first description in 1813, a great many 
changes have been made in how ophiolites are defined. Today, the most commonly 
cited layers of an ophiolite still follow those agreed upon at the Penrose Conference in 
1972—a gathering of geologists for the sole purpose of observing ophiolites in the 
field and writing a unified description of this unique geological feature. That being 
said, others prefer a more expansive definition, which allows less complete sequences 
to hold the ophiolite title (Dilek and Furnes, 2014), as well. From bottom to top (Fig. 
3), ophiolites consist of: an ultramafic complex (typically serpentinised), a gabbroic 
complex, a mafic sheeted dike complex and a mafic volcanic complex (typically in 
the form of pillow lavas) (Anon, 1972). There is also usually an overlying 
sedimentary layer, very often cherts (Anon, 1972). The Penrose Conference definition 
also states that faulted contacts between each unit of the ophiolite seem to be very 
common (Anon, 1972).  
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Figure 3. Typical ophiolite stratigraphy (Dilek and Furnes, 2014). See text for detailed 
description. 
 
Ophiolites present a particularly puzzling question to geologists because (as sections 
of oceanic crust obducted on top of continental crust) they defy the traditional logic 
that, due to density differences, oceanic lithosphere subducts beneath continental 
lithosphere. The anomalous nature of ophiolites is well put by Dewey (1976): “It is 
therefore of great interest to understand mechanisms by which large slabs of dense 
oceanic crust and mantle are detached from evolving oceanic lithosphere and 
tectonically incorporated into orogenic belts”. Therefore, a great deal of scientific 
research continues to be conducted to understand the mechanisms of ophiolite 
generation and emplacement and what these processes tell us about plate interactions. 
The logical first question to ask about ophiolites is—where did/do they form? Given 
that ophiolites were thought to be obducted remnants of trapped oceanic crust and 
mantle (Anon, 1972), an obvious early suggestion was that they formed at mid-ocean 
ridges (Dewey and Bird, 1971). Support for this theory came from observations of the 
petrological similarity of ophiolites to mid-ocean ridge lavas (Casey and Dewey, 
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1984). However, further studies of ophiolites showed there is more variation in 
ophiolite geochemistry than originally thought.  
Miyashiro (1973) published work on the Troodos Ophiolite in Cyprus suggesting its 
formation in an island arc setting rather than a mid-ocean ridge. His analysis of pillow 
lavas and the sheeted dike complex of the Troodos Ophiolite showed that the rocks 
follow a calc-alkaline trend rather than a tholeiitic one, thus indicating formation in an 
island arc (basaltic) setting rather than at a mid-ocean ridge (Miyashiro, 1972). His 
ideas were not unsupported within the community as Dewey and Bird (1971) 
similarly suggested ophiolite formation within basins in island arc complexes. Pearce 
et al. (1984) noted the island arc signatures in the geochemical makeup of many 
ophiolites and found it difficult to reconcile with its oceanic crust-type structure. 
These sentiments were echoed by Casey and Dewey (1984) who struggled with the 
incompatibility of typical ophiolite structure and petrology. Ophiolite structure was 
regarded as indicative of origination at a mid-ocean ridge whereas ophiolite petrology 
pointed to subduction zone-generated magmas. Casey and Dewey (1984) mused 
“while the structure of ophiolites suggests the seafloor spreading is the dominant plate 
boundary process responsible for ophiolite formation, the petrology of some 
ophiolites indicates that magmas typically generated along subduction zones are often 
incorporated within ophiolite volcanic sequences”. 
The suggestion that ophiolites form in an island arc setting was challenged on the 
basis that magmatic arc-derived rocks would likely show evidence of an extensive 
metamorphic and tectonic history whereas, in reality, ophiolites are typically quite 
young when emplaced and show no such extensive record (Casey and Dewey, 1984; 
Dewey, 1976). Perhaps more importantly, the existence of the sheeted dike unit 
within ophiolite stratigraphy suggests an extensional setting making generation within 
an island arc highly improbable given an overall convergent plate setting. Sheeted 
dike units observed in ophiolites can extend hundreds of kilometres perpendicular to 
strike (Moores, 1982) and thus requires that ophiolite formation occurs at some kind 
of spreading center (Moores, 1982). Despite this, differences in the composition of 
ophiolite and oceanic lithosphere point away from a spreading center source (Dilek 
and Furnes, 2014).  
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Though the ophiolite formation hypothesis of Miyashiro (1973) was eventually 
discredited, his suggestion that perhaps ophiolites did not form at MORs as originally 
thought moved ophiolite research in a new direction. Dewey (1976) argued against 
the use of ophiolite age as a guide to the overall history of the ocean it supposedly 
originated from. On the basis of back or inter- arc spreading, he suggested it was 
unwise to presume that ophiolitic crust represented the oldest crust within the ocean 
or that the age of the ophiolite’s emplacement on continental crust effectively dated 
the timing of the ocean’s destruction (Dewey, 1976). Furthermore, he noted that the 
age of ophiolitic crust and the time of emplacement are usually separated by only a 
relatively short time-- ~50 Ma (Dilek and Furnes, 2011)), though this is not the case 
for the NHO. Altering an earlier suggestion that ophiolite formation occurred within a 
mid-ocean ridge (Dewey and Bird, 1971), Dewey (1976) favored ophiolite formation 
in a back arc (or as he calls it “rear-arc”) basin. Further evidence of this theory was 
the knowledge that young, hot and thin oceanic lithosphere would be far weaker and 
more easily detached for obduction than old and dense oceanic crust (Dewey, 1976). 
The presence of volcanic arc rocks within ophiolite successions such as andesites and 
granodiorities also supported ophiolite formation in a back-arc spreading center 
(Dewey, 1976). 
Further moving focus away from ophiolite generation at mid-ocean ridges, Moores 
(1982) reported that ophiolites typically contained plagioclase and clinopyroxene 
which contrasted with the high concentrations of plagioclase and olivine typically 
found within oceanic crust. This new data provided more evidence of a possible 
distinction between ophiolite and typical oceanic crust. Additionally, the idea that 
ophiolites might form at spreading centers within upper plate settings (the 
introduction of the “suprasubduction zone ophiolite” (Pearce et al., 1984)) proved 
transformative in the body of ophiolite research.   
Today, largely as a result of the Ocean Drilling Program expeditions, it is widely 
believed that ophiolites form on the upper plate and are then emplaced onto 
continental crust at the time of the subduction zone closure. This understanding of 
ophiolite entrapment requires an understanding of an even bigger process—how does 
subduction begin? For a long time, it was generally accepted that subduction zones 
began at old Atlantic-type margins [e.g. Dewey and Bird, (1970)]. However, as Casey 
and Dewey (1984) noted, old Atlantic type margins--where oceanic crust is at its 
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oldest and densest—would actually contain the strongest oceanic crust in the entire 
ocean. Breaking oceanic crust at an Atlantic-type margin would therefore require 
more force than any other section of lithosphere making this an unlikely place for 
subduction to initiate. Instead, Casey and Dewey (1984) suggested two hypotheses for 
ophiolite entrapment. One method involves flipping of the direction of subduction 
along weakened back arc/island arc boundaries [first described by (Karig, 1982) in 
regards to the New Hebrides arc] and the other suggested changes in poles of relative 
motion could potentially turn transform and accreting plate boundaries into 
subduction zones, though this did not explain the presence of boninites, a form of low 
pressure/high temperature andesites (Casey and Dewey, 1984). In contrast to Atlantic-
type margins where oceanic lithosphere is old, cold and dense, arc regions, mid-ocean 
ridges and transform faults contain younger, hot and weakened oceanic lithosphere, 
thus making them far easier (in terms of force needed) to rupture. Dewey and Casey 
(2011) later expanded their theory on transformation of a transform/fracture zone to a 
converging plate boundary to explain the presence of boninites in pillow lavas of 
“large-slab” ophiolites. They suggested that the reorganization of plate boundaries 
combined with “gravitational instability” could provoke a transform fracture zone 
system to become a trench boundary resulting in a Ridge-Trench-Trench triple 
junction (Fig. 4) as they suggest was the case in the formation of the Mariana forearc 
as a result of the India-Asia collision. They suggested ophiolite emplacement must 
occur within 10-15Myr of ophiolite formation; any later than this and ophiolitic 
lithosphere would be too dense to be obducted and would “bulldoze” the continental 
margin. 
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Figure 4. Dewey and Casey (2011) model of a Ridge-Trench-Trench triple junction. 
See text for details.  
 
Naga Hills Ophiolite 
The Naga Hills Ophiolite (NHO), though highly dismembered, showcases 
every aspect of a typical ophiolite suite. Most workers agree that the ophiolite 
represents the suture between the Indian subcontinent and Burmese/Myanmar 
microplate [e.g. Ghose et al., (2010)]. The Nimi Formation borders the ophiolite to 
the east and the ophiolite, in turn, is thrust over the Disang flysch to the west. 
Remnants of the transitional zone between oceanic crust volcanics and upper mantle 
peridotites in the form of harzburgite, dunite and lherzolite are all widespread (Ghose 
et al., 2010). Ghose et al. (2014) suggest that large quantities of peridotite tectonite 
(often serpentinised) are due to the plastic flow and shearing caused by detachment of 
the ophiolite crust from the oceanic crust in the subduction zone. As ultramafic rocks 
(such as peridotite tectonites) make up the most dominant component in the NHO 
(Ghose et al., 2014), the serpentinisation process is extremely prevalent. The mesh-
like texture of serpentinised olivine is easily seen in hand specimen. Mafic rocks are 
the second most common rock type within the NHO. Volcanic rocks within the NHO 
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are tholeiitic (Ghose et al., 2010) and include basaltic and pillow lavas, felsic 
intrusives and plagiogranites (Ghose et al., 2010).  
The discovery of the fossils Arkhangelskiella cymbiformis (foraminifer), Coccolithites 
turbatus, Markalius inversus and Biscutum sp. (coccoliths) in chert and limestone 
samples near the village of Chipur by Acharyya et al. (1986) led to their conclusion of 
a Late Cretaceous (specifically Maestrichtian) lower age boundary for the NHO. 
Further south in the Chin Hills section of the ophiolite, a pegmatite containing 
hornblende was dated using the K/Ar method yielding a late Jurassic age for the 
ultramafic rocks the pegmatite intruded (Acharyya et al., 1986). According to 
Acharrya’s personal communications with other members of the Geological Survey of 
India, volcanics around Lacham Lake were also dated using K/Ar method and 
produced a Permian age (260 Ma). Another volcanic sample from southeast of Laruri 
was dated at 50 Ma (Acharyya et al., 1986). More recently, Sarkar et al. (1996) 
provided K-Ar dates of Late Jurassic to Early Cretaceous for volcanic rocks in 
Nagaland. Chert samples collected from the NHO yielded well-preserved radiolarian 
tests that confirmed an Upper Jurassic age (Baxter et al., 2011).   
The Phokphur (Jopi) Formation is an ophiolite-derived polymict conglomerate that 
rests unconformably atop the NHO. The succession of conglomerate is over 1000 
metres thick and contains a wide variety of clasts including serpentinite, gabbro, 
basalt, chert, quartz, sandstone and phyllite. Porphyritic volcanic clasts of Asian or 
any other derivation are noticeably absent. Clasts range from small pebbles to cobbles 
depending on outcrop location. The conglomerates are red-colored due to the 
presence of oxidised iron in their matrix/cement (Ghose et al., 2014). The presence of 
shallow marine fossils is the only known evidence of the environment in which the 
Phokphur conglomerate formed (Acharyya et al., 1986). 
Very little dating of the Phokphur Formation has been done outside the work of 
Acharyya et al. (1986), who attempted to date each lithologic unit associated with the 
NHO (Disang, Phokphur and Nimi Formations and the Naga Metamorphics). In that 
study, the Phokphur Formation was assigned a Late Eocene-Oligocene age based on 
scarce fossil assemblages. The gastropod genera Solariella, Pitar, Nerita, Littorina, 
Turritella, Corbula, Crassatellites and Arctica were all extracted from beds described 
as tuffaceous northeast of Phokphur. Acharyya et al. (1986) suggest that many of 
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these genera are long-ranging but nevertheless conclude they constrain the age of the 
Phokphur Formation to the Eocene. A foram assemblage from conglomerate beds 
between the villages of Luthur and Salumi reportedly contains Nonion sp. and 
Globigerina sp. and although regarded as “typically marine but not age specific” is 
indicative of Tertiary age according to the authors (Acharyya et al., 1986). Due to the 
lack of conclusive biostratigraphic studies of Phokphur conglomerate, additional 
methods of dating are worth exploration.   
Detrital Zircons 
Zircon (ZrSiO4) is an orthosilicate mineral with high density and hardness 
(Fedo, Sircombe, and Rainbird, 2003). Because of its high closure temp (over 900°C, 
(Ireland and Williams, 2003)), detrital zircons are highly resistant to changes such as 
metamorphic, weathering or melting processes in the host rock and are well preserved 
in sedimentary rocks (Scherer et al., 2007). Detrital zircons thus act as a useful 
recorder of magmatic or metamorphic events (Fedo et al., 2003). In fact, the oldest 
rocks found on Earth to date are over four billion year old zircons and occur in Early 
Archean rocks of the Jack Hills region of Western Australia (Froude 1983).  
Perhaps most importantly, zircons are excellent for geochronology because they 
incorporate a variety of trace elements into their structure during formation (Fedo, 
Sircombe, and Rainbird, 2003). Uranium and thorium are among those included in 
zircon’s crystal structure while lead is strongly excluded (Scherer et al., 2007). This 
sets zircon up to be a perfect geochronometer using the principles of radioactive 
decay. Radioactive decay occurs when an atom’s unstable nucleus loses energy 
through the emission of alpha, beta or gamma rays. Some stages of the decay series 
involve a transformation of the atom from one isotope to another but other steps may 
involve a nuclear transmutation where the atom becomes a new element entirely. 
Because uranium and thorium are both radioactive and decay to isotopes of lead, the 
U, Th and Pb concentration of a detrital zircon can be used as an indicator of the 
zircon’s age. The U-Th-Pb decay chain is particularly useful because it contains two 
separate systems (238Uà206Pb and 235Uà207Pb), which are linked by the ratio of 238U 
to 235U (=137.88 (Steiger and Jager, 1977)) both of which have half-lives that can date 
nearly all of Earth’s history (238U t1/2=4.5x109 years, 235U t1/2=7.0x108 years). 
Additionally, lead has a non-radiogenic isotope, Pb204, that can be used to measure the 
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concentration of each lead isotope naturally present at the time of crystallization 
based on established Pb isotope ratios (Gehrels, 2012; Ireland et al., 2008).  
Because of these unique physical and chemical properties, zircon is widely used in 
geochronological studies. Gehrels (2012) divides zircon studies into: provenance 
studies, determination of rock ages and characteristics (in cases where provenance is 
already known), correlation of sedimentary units for possible connections between 
different units and studies of maximum depositional age of a unit (in which the 
youngest zircon indicates the earliest possible age of deposition). But despite zircon’s 
wide range of geological applications, there are still many differences in how such 
studies are conducted and how zircon data is processed and presented. Fedo et al. 
(2003) split detrital zircon analyses into two categories—qualitative and quantitative. 
In qualitative studies, the aim is for each age within the population of zircons in a 
sample to be represented regardless of its proportion within the whole sample. In 
quantitative studies, the zircons analysed are intended to be fully representative 
(reflecting accurate proportions) of the overall population within the sample itself 
(Fedo et al., 2003). As such, a qualitative zircon study is less random but may also 
yield age components that the more systematic quantitative selection may have 
overlooked (Fedo et al., 2003; Gehrels, 2000).  
Another issue arises between different publications concerning which parent to 
daughter isotope ratios should be used to define a zircon’s age. It is widely known 
that the 206Pb/238U measurement is more precise for younger detrital zircons whereas 
206Pb/207Pb provides greater precision for older zircons (Fedo et al., 2003; Gehrels, 
2012; Ireland, 1995) but the optimal transition point between these two values has not 
been unanimously decided. For instance, Ireland (1995) writes that the 206Pb/207Pb 
measurement should be used for any ages greater than 800 Ma and 206Pb/238U should 
be used for anything younger than 800 Ma. In contrast, the cut-off suggested by 
Gehrels (2012) is a slightly more flexible age range between 0.8-1.0 Ga.  
The number of zircon grains that should be analysed to obtain an accurately 
representative age spectrum of each sample is also a topic of debate. Many 
researchers cite the work of Dodson et al. (1988), who showed that 59 detrital zircons 
should be analysed (this minimizes the chance of missing an age component to 5%) 
while other researchers prefer 100 zircons per sample or more (Gehrels, 2012; 
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Williams, 1998). Gehrels (2012), in particular, also emphasises the need to choose a 
discordance filter wisely as too strict a filter will take out many of the oldest zircon 
ages (-5 to 30% recommended). Although an optimal number of zircon grains has 
been established, in some cases studies are restricted due to the rarity of suitable 
zircons within a sample.  
Instrumentation 
 The development of Secondary Ion Mass Spectrometry (SIMS) and the Laser 
Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) significantly 
simplified and expedited the analysis of detrital zircons (Ireland and Williams, 2003). 
Because this project utilised the Sensitive High Resolution Ion MicroProbe for 
analysis of detrital zircons from the Naga Hills, I will focus on a discussion of SIMS.  
The British physicist J.J. Thompson first discovered SIMS in 1910. Focusing a high-
energy beam (around 10-20 keV) onto the surface of a sample actually breaks down a 
small part of the sample (a process called “sputtering”) at the same time ionizing a 
small portion (usually only a maximum of 0.1% of the ablated area is ionized) 
(Ireland and Williams, 2003). This secondary beam of ions (energy around 5-10 keV) 
is a reflection of the sample and the primary beam (Williams, 1998) and will be 
analysed by the mass spectrometer. The ion microprobe, which is the most common 
SIMS instrument, is virtually non-destructive to samples as it ablates a mass of only 
about two nanograms (Ireland, 1995). This small sample size means that SIMS is not 
as precise as Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) 
where a larger volume is sampled (Ireland and Williams, 2003). However, a smaller 
sample size compared to ID-TIMS does make SIMS more accurate because less 
material is being averaged into one data point (Ireland and Williams, 2003). 
The first ion microprobe to be designed with zircon in mind was the Sensitive High 
Resolution Ion MicroProbe, or SHRIMP, at the Australian National University. Many 
previous zircon studies had struggled with isobaric interferences (molecules that had 
the same weight as isotopes of Pb and were thus mistaken for Pb by the mass 
spectrometer--i.e. various molecules of Zr, Hf, Si, and rare earth elements) on 
measurements of Pb. SHRIMP was built in the 1970’s with the main purpose of 
obtaining in situ zircon data with a mass resolution high enough to eliminate the 
majority of these isobaric interferences while still maintaining excellent sensitivity 
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(Ireland, 1995). To do this, researchers at ANU created a large mass analyser that 
would allow wide dispersion of different masses and pass the ions through wider 
collector slits than had been previously used (Ireland, 1995). The greater room for 
more dispersion of the ions is provided by a large magnet with turning radius of one 
metre, which allows for a corresponding ion beam path of approximately seven 
metres (Ireland et al., 2008). 
SHRIMP is a “double-focusing high mass resolution mass spectrometer” (Ireland et 
al., 2008) and includes an electrostatic analyser and an electrostatic quadropole lens 
(Ireland et al., 2008). Oxygen (O-) and cesium (Cs+) are thought to be the best gases 
for the primary beam (Ireland, 1995; Ireland and Williams, 2003) because they are 
highly electronegative and electropositive, respectively. Because of their extreme 
polarities, both these ions help to amplify the production of secondary ions (positive 
and negative, respectively) from the ablated sample (Ireland, 1995; Ireland and 
Williams, 2003). 
One of the earliest and most famous discoveries from SHRIMP investigations remains 
that of the Hadean age zircons from Western Australia (Froude et al., 1983). Out of 
120 grains analysed, only four were found to have ages between 4.1-4.2 Ga (based on 
measurements of 207Pb/206Pb). Froude et al. (1983) suggested any conventional 
technique would not have been able to pick out this tiny population of Hadean age 
zircons and indeed, it took several years before other methods of zircon analysis 
yielded this same small, Hadean population (Amelin, 1998; Kober et al., 1989). 
An essential part of zircon research is examining zircons using cathdoluminscence 
(CDL) and backscattered electron (BSE) imaging (Hanchar and Miller, 1993; 
Williams, 1998) prior to microprobe analysis. As zircons may go through a variety of 
different geologic processes, many of which produce their own growth layers or 
“rims”, the imaging of crystals in CDL and BSE allows rims and cores to be easily 
picked out (Hanchar and Miller, 1993) and inclusions to be avoided. As analysing 
zircons with SHRIMP (and ion microprobes in general) uses small sample sizes, it 
allows individual rims and cores to be dated separately, thus allowing for greater 
understanding of individual events.  
Calibration for instrument “dead time” and isotopic fractionation must also be 
carefully monitored during SHRIMP analysis. Each part of the counting system 
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experiences a dead time between the end of one ion measurement and beginning of 
the next (Williams, 1998). Thus, it is impossible that every single pulse can be 
measured accurately. Data can also be affected by differences in composition between 
the sample itself and the secondary ion beam the sample gives off (Williams, 1998). 
This process, called isotopic mass fractionation, possibly results from the breaking of 
inter-atomic bonds at the sputtering site. Fortunately, it can be corrected for with 
analysis of a known standard between unknown zircon samples (Ireland et al., 2008). 
Presenting Detrital Zircon Data 
 Displays of detrital zircon data typically appear in three forms: histogram, 
concordia and probability density diagrams. Histograms are the least frequently used 
in detrital zircon publications because they do not allow the author to display both 
zircon ages and the errors associated with them (Fedo et al., 2003). A plot of 
206Pb/238U versus 207Pb/235U values for samples in an undisturbed system will define a 
single curve, called a concordia (Wetherill, 1956). For a concordia diagram, 
206Pb/207Pb, 206Pb/238U and 207Pb/235U are all plotted and the intersection of each 
measurement with the concordia is representative of an age for the zircon. The data 
are said to be concordant if the measurements all fall along the concordia curve. 
Discordant data are often the result of inheritance or Pb loss (Gehrels, 2012). Loss of 
Pb is not uncommon, particularly in older zircons where the crystal lattice is 
increasingly damaged by radioactive decay (Gehrels, 2012).  
Probability density diagrams differ from histograms in that they allow each age 
measurement to be displayed in association with its respective error. For this reason, 
many scientists prefer such diagrams to histograms (Fedo et al., 2003; Gehrels, 2012; 
Williams, 1998). 
When analysing detrital zircon data, it is important to understand that detrital zircon 
age spectra are not indicative of the proportions of source rock inputs. Ultramafic 
rocks typically contain relatively few zircons compared to intermediate or felsic rocks 
and thus will be under-represented by detrital zircon data (Fedo et al., 2003; Ireland, 
1995). In addition, because of their durability through a variety of geological 
processes, some zircons may not be from a primary source but rather from a younger 
recycled source as zircons from metamorphic or sedimentary rocks can easily be 
mixed in with primary source zircons (Fedo et al., 2003; Thomas, 2011). As 
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mentioned above, rims and cores should also be carefully monitored for before 
picking points for analysis as this also could significantly bias the data (Thomas, 
2011). 
In spite of various caveats, detrital zircons remain one of the most useful tools outside 
the use of fossils for biostratigraphic dating for the dating of sedimentary rocks. 
Innovations in instrumentation have greatly advanced the ability of geologists to 
analyse and correlate more rocks to provenances from around the world.  
Orogenic Sediment Provenance and the Gazzi-Dickinson Method 
Further aiding investigation of sedimentary provenance is the use of the 
Gazzi-Dickinson point counting method (Gazzi, 1966; Ingersoll et al., 1984). 
Analysis of sample petrography in thin section is an essential part of any provenance 
study. The Gazzi-Dickinson point counting method provides workers with a reliable 
method for obtaining statistical data on the composition of a sedimentary rock. At 
least 400 random points (van der Plas and Tobi, 1965) should be identified and 
recorded for each sample, with only framework grains being counted (no matrix) 
(Ingersoll et al., 1984). The method involves the counting and identification of 
specific types of grains that then fit into ternary diagrams that are indicative of 
sedimentary provenance.  
Early orogenic provenance studies conducted by Dickinson (1970) attempted to better 
define parameters for the identification of sandstones with relatively minimal quartz 
or carbonate contents, such as greywacke and arkose. He suggested the use of three 
primary parameters (quartz, feldspar and lithic fragments), which when compared as 
percentage values would provide the best quantitative measurement of the rock’s 
composition (Dickinson, 1970) and would thus allow for interpretation of the rock’s 
original provenance. His method also minimized the importance of grain size by 
counting each mineral for exactly what it was (rather than recording it as part of a 
larger lithic fragment) and thus increased reliability of the results of a 
composition/provenance study (Dickinson, 1970). The Q parameter includes any 
monocrystalline or polycrystalline quartz fragments, chalcedony, “cryptocrystalline 
opaline fragments, quartz within microphanerite lithic fragments and 
microphenocrystic quartz within aphanite lithic fragments”  (Dickinson, 1970). In 
particular, chert is identified by low birefringence and possibly the presence of relict 
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radiolarians or crisscrossing veinlets visible under crossed polars (Dickinson, 1970). 
Feldspars, parameter F, “is the total of monocrystalline feldspar grains, feldspar 
within microphanerite lithic fragments, and microphenocrystic feldspar within 
aphanite lithic fragments” (Dickinson, 1970). Parameter L includes the number of 
polycrystalline aphanite lithic fragments except microphenocrysts and quartzose, 
chalcedonic or opaline aphanite lithic fragments as these are already included in 
parameters Q and F (Dickinson, 1970). 
Dickinson and Suczek (1979) introduced the use of ternary diagrams in studies of 
orogenic provenance. The most basic ternary diagram is the QFL diagram. This 
diagram includes percentages of Q, F and L defined above (Dickinson and Suczek, 
1979). Because the QFL ternary diagram focuses on quartzose grains in particular, it 
provides information about weathering and the method of grain transport (Dickinson 
and Suczek, 1979).  
All lithic fragments are plotted together in the QmFLt ternary diagram on which 
percentages of Qm (monocrystalline quartz), F (feldspar) and Lt (total lithic 
fragments, including stable polycrystalline quartz) are plotted (Dickinson and Suczek, 
1979). Because finer grained source rocks tend to shed more sand-sized lithic 
fragments, this ternary diagram is most helpful in analysis of grain size (Dickinson 
and Suczek, 1979). Dickinson and Suczek (1979) point out that the QpLvLs (Qp-
polycrystalline quartz, Lv-lithic volcanic fragments, Ls-lithic sedimentary fragments) 
and QmPK (monocrystalline quartz, plagioclase feldspar and potassium feldspar) 
diagrams provide detail of the polycrystalline and monocrystalline parts of the 
sample, respectively. 
Originally, all clastic sedimentary rocks were characterized as originating from three 
different types of source terrain: volcanic, plutonic and uplifted sedimentary terranes 
(Dickinson, 1970). Later, the individual source provenances were further 
discriminated as: continental block, magmatic arc and recycled orogeny (Dickinson 
and Suczek, 1979). Continental block provenance includes sources such as uplifted 
shields or platforms while active convergent island arcs/continental margins make up 
magmatic arc sources (Dickinson and Suczek, 1979). Recycled orogen sediments are 
sourced from subduction zones and collisional orogenic prisms (Dickinson and 
Suczek, 1979). 
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Shortly after the introduction of the Gazzi-Dickinson method, Dickinson et al. (1983) 
published a work testing the technique. Analysis of 233 Phanerozoic sandstone 
samples from North America and subsequent positioning on ternary plots showed 
their position on the diagrams was well matched to the likely tectonic settings from 
which the samples came, though some slight adjustments were made to the divisions 
of the plots to account for new variation among samples. Ingersoll et al. (1984) also 
tested the technique on Holocene sand samples from New Mexico and found little 
difference between the previously established tectonic history of the region and the 
positions of the samples on ternary plots. 
Gradually, the Gazzi-Dickinson method became the preferred method of point 
counting sandstones. The method was clearer, quicker and eliminated the need for 
separation of different grain sizes within a single sample (Ingersoll et al., 1984). 
Continued use of the Gazzi-Dickinson method in orogenic provenance led to the 
refinement of some of Dickinson’s original parameters. The use of more precise 
divisions of the Lm parameter into lower and higher grades of metamorphic rocks 
demonstrated the ability of sandstone composition analysis to unravel shifts in 
provenance (Dorsey, 1988). Similarly, new sub-divisions of the magmatic arc 
provenance were suggested to provide a more detailed understanding of source 
terranes using the same Q, F, L, etc. parameters (Marsaglia and Ingersoll, 1992). 
Rather than being simply an “undissected” or “dissected” arc provenance (with 
volcanic cover and exposed, respectively), Marsaglia and Ingersoll (1992) suggested 
the sediments of each magmatic arc type could be broken down along finer lines 
resulting in a subdivision between 1-intraoceanic arc and remnant arc, 2-continental 
arc, 3-triple junction, and 4-strike-slip-continental arc.  
More recently, Garzanti et al. (2007) suggested five primary sediment provenances 
based on uplifted orogenic prisms rather than on sedimentary basins (sediment sinks). 
They define eight distinct trends of plate convergence and describe the five resulting 
orogens that these different types of convergence produce (Garzanti et al., 2007). 
Each of the five orogenic prisms produces a distinctive primary orogenic provenance 
which “is characterized by unique detrital modes, heavy mineral assemblages and 
unroofing trends which can be predicted and modeled” (Garzanti et al., 2007). The 
five types of primary sediment provenances are: magmatic arc, ophiolite, 
neometamorphic axial belt, continental block and clastic wedge provenance. These 
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primary provenances can be paired or mixed to become “composite orogenic 
provenances” in more complex situations (Garzanti et al., 2007) which are often 
encountered in the field. As petrologic provenance studies continue, the Gazzi-
Dickinson method will continue to be refined such that it remains one of the most 
important tools for understanding sediment provenance.  
Methodology 
Orogenic Provenance Methods 
Thin sections of all 14 Phokphur Conglomerate samples were made at Peking 
University, Lang Fang Laboratory. The thin sections were observed on an Olympus 
BH-2 geological microscope with both plane and cross-polarised light. Four hundred 
points were counted (in accordance with van der Plas and Tobi (1965)) using the 
Gazzi-Dickinson method (Dickinson and Suczek, 1979; Ingersoll et al., 1984) for 
each thin section. Minerals were identified as one of ten parameters all of which are 
described in Table 1. The count data were then plotted using the freely available 
ΔPlot program (John, 2003). In accordance with the methods of Dickinson and 
Suczek (1979), any samples with over 25% matrix grains were not considered in 
provenance analysis. Data were interpreted following the methodology of Dickinson 
and Suczek (1979) and Garzanti et al. (2007).  
Table 1. Parameters and corresponding diagnostic characteristics used in point-
counting of Phokphur Formation conglomerate samples. 
Clasts types Characteristics 
Qm-monocrystalline quartz Unaltered, no cleavage, low relief 
Qp-polycrystalline quartz Unaltered, low relief, individual 
microcrystals easily visible 
Qu-quartz exhibiting undulose extinction Uneven extinction with stage rotation 
F-feldspar Twinning, usually simple or 
polysynthetic 
Lv-lithic volcanic fragment Crystalline, some unaltered feldspars 
Ls-lithic sedimentary fragment Visible layering 
Lchert-chert Radiolarians, veinlets 
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Lm-lithic metamorphic fragment Phyllite, schists 
Lserp-serpentinite Colorless in PPL, fibrous appearance 
Pyx-pyroxene Medium birefringence, inclined 
extinction (clinopyroxene) 
Op-opaque No transmission of light 
M-matrix Fine grained material surrounding larger 
clasts 
 
Detrital Zircon Methods 
All samples of the Phokphur conglomerate were collected in Nagaland, India 
in the vicinity of the villages of Wazeho and Salumi (Fig. 5). The samples were then 
washed and scrubbed with tap water to remove any dirt or plant materials. After 
cleaning, the samples were sent to Peking University, Lang Fang Laboratory where 
they were crushed and zircons were separated using magnetism and heavy liquid 
techniques. 
Zircons were randomly selected under a binocular microscope and placed onto an 
adhesive mount. Following Gehrels (2012), about 100 zircons were selected for 
analysis from each sample. However, the limited number of zircons in samples NG03 
and NG12 meant that only 74 and 72 zircons could be mounted, respectively. Fifty to 
100 fragments of the Temora-2 zircon standard (Black et al., 2003) (based on the 
number of sample zircons per slide) were also included in each mount (known age of 
416.8 Ma) to be used as an internal standard for isotope ratios. Once all samples and 
standards were mounted, the zircons were covered with epoxy resin and left to harden 
into mounts overnight. The mounts are 25 mm in diameter.  
The epoxy mount was polished with 1200 grit sandpaper and later, three micron 
sandpaper to expose the zircon grains. The last and most delicate polishing process 
was achieved using a Struers LabPoI5 rotary polisher with a Struers MD-Dac 
polishing cloth. The polishing material used on the Struers instrument is called 
“diamond slurries” and is a paste-like substance made of diamond powder with a 
roughness of one micron. As many other researchers have noted, it is extremely 
important to polish slowly and with great care to avoid polishing too much and 
loosening zircon grains from the epoxy mount. For this reason, each zircon mount 
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was examined under the microscope between each polish to determine exactly how 
much more polishing (if any) was needed.  
Next, the mounts were photographed in both reflected and transmitted light. The 
reflected light image serves as a sort of “road-map” of the zircon mount (particularly 
helpful when marking points to be analysed) and transmitted light helps to reveal any 
inclusions and other details of the zircon grains that are otherwise invisible. 
The mounts were cleaned with soap, rinsed and placed in an ultrasonic bath, then left 
in an oven to dry for at least one hour. When fully dry, the mounts were then placed 
in a Denton vacuum evaporator sputter coater instrument and coated with a 10 nm 
gold coating to increase the conductivity of the sample during analysis using the 
SHRIMP RG.  
The zircon mounts then underwent optical imaging using the scanning electron 
microscope (SEM) and cathodoluminescence (CDL). These images were carefully 
examined when picking spots to analyse on each zircon grain. In the case of this 
project, it was possible to pick spots for analysis on a map of each mount (the image 
of the mount taken with reflected light) while paying careful attention to images of 
the same mount taken with transmitted light, SEM and CDL to avoid unwanted rims, 
cores, inclusions or other abnormalities.  
Finally, prior to analysis, each mount was coated a final time with pure gold. The 
mount was then placed into SHRIMP RG so the vacuum could reestablish itself 
before analysis. The reflected light map of each mount was loaded onto the SHRIMP 
RG computer. Each individual spot was checked for proper positioning and adjusted. 
At the Australian National University, a zircon known as SL13 is analysed at the 
beginning of every SHRIMP session and is used for its standard concentration of 238 
ppm uranium. Every five unknown samples is both preceded and followed by analysis 
of the internal isotope ratio standard, Temora-2.  
SHRIMP RG 
 The sample was first ablated with a primary oxygen ion beam (16O2-) through 
the duoplasmatron at an angle of 45° to the sample surface. This results in the 
production of secondary ions through a process known as “sputtering”. These 
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secondary ions are accelerated towards the entrance of the mass spectrometer 
(comprised of 3 mm diameter slits) where approximately 90% of the secondary ions 
will pass through. The remaining ~10% of ions are collected and recorded as an 
indicator of the composition of the secondary ion beam. Having this information helps 
to improve precision in count measurements because it allows the counts for each 
isotope to be divided by counts of the secondary beam. The mass analyser itself, as 
mentioned in previous chapters, has been made as large as physically reasonable to 
allow for high mass dispersion/resolution. The electrostatic analyser, a quadropole 
and a large magnet make up the mass spectrometer portion of SHRIMP RG. The ions 
are separated based on their mass to charge ratio and certain molecules and atoms can 
have the same masses—this is what causes the isobaric interferences mentioned in the 
introductory chapters of this work. 
Processing Data 
 Data from SHRIMP RG were processed using the SQUID program (Ludwig, 
2009). In accordance with Gehrels (2000) and Ireland (1995), the 206Pb/238U data were 
used for all ages under 800 Ma. Above 800 Ma, the 206Pb/207Pb age was used. In 
accordance with Gehrels (2012), a discordance filter was applied removing any 
discordance above 30% and any reverse concordance below -5%.  Zircon data that fit 
these parameters were plotted in probability density diagrams using University of 
California Berkeley’s Isoplot 4.1 (Ludwig, 2012) software.  
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Figure 5. Location of Phokphur conglomerate samples collected in Nagaland, March 
2013. 
Table 2. Latitude and longitude (in decimal degrees) locations of Phokphur 
conglomerate samples collected in Nagaland, March 2013.  
Sample ID Latitude Longitude 
NG01-04 25.82233333°N 94.91855000°E 
NG05-06A 25.58585000°N 94.75921667°E 
NG06B 25.57770000°N 94.75988333°E 
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Results 
Sandstone Petrography 
Point counting data of Phokphur conglomerate thin sections (Table 3) were used to 
produce four ternary diagrams (see Figs. 7-10). 
 
Table 3. Point counting results for samples NG01-NG13. Four hundred points were 
counted per sample in accordance with the methods of Dickinson and Suzcek (1979). 
Qm-monocrystalline quartz, Qc-composite quartz, Qu-quartz exhibiting undulose 
extinction, F-feldspar, Lv-lithic volcanic fragment, Ls-lithic sedimentary fragment, 
Lserp-serpentinite, Pyx-pyroxene.  
 
  Qm Qc Qu F Lv Ls Lchert Lmeta Lserp Pyx Opaques Matrix 
NG01 31 55 20 5 137 2 2 81 78 55 14 0 
NG02 39 43 17 5 94 0 0 164 145 2 36 0 
NG03 26 48 14 5 116 0 0 148 137 9 34 0 
NG04 5 33 7 0 55 98 86 142 127 1 59 0 
NG05 10 44 10 0 64 259 259 0 0 0 13 0 
NG06A 21 37 3 0 131 192 192 2 2 1 13 0 
NG06B 41 51 10 0 74 209 209 0 0 0 15 0 
NG07 139 14 79 1 27 0 0 0 0 0 24 116 
NG08 45 58 26 0 21 168 168 75 53 0 7 0 
NG09 4 10 1 0 32 312 312 28 18 0 13 0 
NG10 32 13 6 1 12 2 2 190 185 24 10 110 
NG11 3 6 8 0 66 156 156 113 63 38 10 0 
NG12 12 21 7 2 77 38 38 194 112 18 31 0 
NG13 10 8 5 0 33 32 31 265 158 24 23 0 
 
         
NG07 25.55920000°N 94.76285000°E 
NG08-09 25.55360000°N 94.75911667°E 
NG10-11 25.64123333°N 94.76393333°E 
NG12-13 25.64735000°N 94.76578333°E 
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Sample NG01 contains large amounts of lithic volcanics (~35%), quartz (27%) and 
serpentinite grains (~20%). Lithic volcanics are altered and dirty. The majority of 
serpentinite grains are fibrous and flattened in appearance. Others appear to have been 
partially removed during slide manufacture or perhaps through weathering processes 
but are still distinguishable due to their fibrous appearance. Quartz is identifiable due 
to its lack of cleavage and unaltered appearance. Only about one-fifth of all quartz 
grains exhibit undulose extinction which indicates stress following mineral 
crystallisation (Folk, 1980). The remaining quartz grains exhibit uniform extinction. 
There is also clinopyroxene (~ 14%), identifiable due to cleavage, extinction angles 
and interference colors. No matrix was observed in sample NG01. 
Lithic metamorphic fragments (most of which are serpentinite grains, 41%) dominate 
sample NG02. Quartz (~25%) and lithic volcanic grains (~24%) are also prevalent. 
Lithic volcanic grains are again fairly altered and dirty. There is very little pyroxene 
in sample NG02. The proportion of quartz in Sample NG02 is very similar to samples 
NG01 and NG03. There is no matrix in the sample. 
Lithic volcanics (29%) and serpentinite grains (~34%) dominate sample NG03. 
Quartz (22%) counts are similar to NG01 and NG02 with prevalent composite quartz. 
Opaques and pyroxenes make up 8.5% and ~2% of NG03, respectively. 
Sample NG04 contains large amounts of lithic metamorphic (~36%) and lithic 
sedimentary (~25%) fragments, chiefly serpentinite and chert respectively. There is 
also an abundance of opaque minerals in NG04 (~15%) relative to other Phokphur 
conglomerate samples. There is a smaller percentage of quartz present (~11%) 
compared to samples NG01-03, which were collected from the same location. 
The majority of grains counted in sample NG05 were chert (~65%). Radiolarians are 
observable in approximately 50% of all chert grains. Quartz (16%) and lithic volcanic 
fragments (16%) account for most of the other grains in the sample, though a few 
opaque minerals are also present (<5%).  
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Figure 6. Photomicrographs of all Phokphur samples with dominant grain types 
labeled. PPL-plane polarised light, XPL-cross polarised light. 
 
Similarly, sample NG06A contains a large number of chert grains (48%), also with 
observable radiolarians. Nearly one-third of the minerals in NG06A are lithic volcanic 
fragments. Quartz is observable in small amounts (~15%). Opaque minerals are 
observed in even smaller amounts (<5%). 
Chert grains (~52%) dominate sample NG06B, but quartz grains (~26%) and lithic 
volcanic fragments (~19%) are also common. Radiolarians were observed in between 
one-third to one-half of all chert grains identified.  
Monocrystalline quartz grains (~35%) dominate sample NG07. Quartz is, again, 
easily identifiable due to its lack of cleavage or alteration. As compared to other 
samples, many quartz grains (~20%) exhibit undulose extinction indicating these 
grains experienced post-crystallisation stress (Folk, 1980). NG07 also contains an 
abundance of matrix (29%). Opaque minerals constitute just over 5% of grains 
observed in sample NG07 and only one feldspar grain was observed.  
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Sample NG08 is mostly chert (42%) and quartz grains (~32%) with a smaller number 
of serpentinite grains (~18%). Approximately half of all chert grains contain visible 
radiolarians. A few opaque minerals were also observed (<2%). There is no matrix in 
sample NG08. 
Sample NG09 is largely dominated by chert (78%). Radiolarians are visible in less 
than half of the chert grains. The rest of the sample consists of lithic volcanic 
fragments (8%), lithic metamorphic fragments (7%, mostly serpentinite), quartz 
(~4%), and opaque grains (~3%). No matrix was observed. 
Sample NG10 is nearly one-third matrix. Serpentinite accounts for almost half of the 
grains observed. The other grains identified include pyroxenes (~5%), quartz (<5%), 
lithic volcanics (<5%), opaques (~2%), chert (2 grains) and feldspar (one grain). 
Chert and serpentinite grains dominate sample NG11 accounting for about 40% and 
30% of total grains, respectively. Approximately half of chert grains contain 
radiolarians. There are also minor amounts of lithic volcanics (~17%) and pyroxenes 
(~10%). There is no matrix in sample NG11. 
Lithic metamorphic fragments dominate sample NG12, most of which are serpentinite 
(~50%). Lithic volcanic fragments are also common (~20%). Other grains observed 
include quartz (10%), chert (~10%), opaques (~8%), pyroxenes (<5%) and feldspar 
(<1%). 
Sample NG13 contains two-thirds lithic metamorphic fragments; mainly serpentinite. 
Lithic volcanic fragments and lithic sedimentary fragments (nearly all chert) each 
account for roughly 8% of all grains. Quartz, pyroxene and opaque minerals each 
make up just over 5% of the total sample. There is no matrix in sample NG13. 
When plotting the full grain populations on a QFL diagram (Fig. 7), twelve of thirteen 
samples cluster towards the L pole with minimal feldspar (F) input and little to 
moderate quartz (Q) content. This region of the ternary diagram is indicative of 
“Recycled Orogen” provenance (Dickinson and Suczek, 1979). The one sample not in 
this cluster (NG07) contains over 25% matrix and can thus be discounted following 
the methods of Dickinson and Suczek (1979). Sample NG10 can also be discounted 
as it also contains over 25% matrix. 
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The plot of monolithic quartz (Qm), feldspars (F) and total polycrystalline lithic 
fragments (Lt, including polycrystalline quartz) (Fig. 8) shows all samples clustered 
toward the Lt pole with NG07 isolated nearest the Q pole. As above, NG07 and NG10 
were both removed due to their large proportion of matrix. Again, all the samples 
appear on the ternary diagram in the Dickinson and Suczek (1979) “Recycled 
Orogen” region. More specifically, the region surrounding the Lt pole encompasses 
samples with the highest chert to quartz ratio. 
Samples plotted on a Qp, Lv and Ls ternary diagram (Fig. 9) helps to better display 
the polycrystalline grain population. Here, the samples cluster along the Qp 
(polycrystalline quartzose grains, the majority of which is chert) and Lv (lithic 
volcanic fragments) axis. 
Plotting the samples so as to focus on the lithic fragment populations (Fig. 10) yields 
a much looser cluster of points than on any of the other ternary plots. Two of eleven 
samples plot directly on the Lv pole while the rest cluster somewhere between Lv and 
Lu (lithic ultramafic fragments) poles with minimal to ~35% contributions of “Ls 
+Lm” (lithic sedimentary and lithic metamorphic fragments). 
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Figure 7. Dickinson and Suczek (1979) ternary diagram depicting proportions of 
quartz, feldspar and total unstable polycrystalline lithic fragments in samples of 
Phokphur conglomerate based on point counting of 400 points in thin section. Color-
coded fields are based on Dickinson et al. (1983). As anticipated, all samples are 
concentrated in the Recycled Orogen region of the diagram except for NG07, which 
has been discounted due to a high proportion of matrix. NG10 has also been 
discounted. Additionally, that the Phokphur conglomerate samples plot in the region 
of the diagram where the ratio of oceanic to continental crust is greatest is appropriate 
as the conglomerate is derived from an ophiolitic source. Q-quartz, F-feldspar, L-
lithic fragments. 
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Figure 8. Dickinson and Suczek (1979) ternary diagram depicting proportions of 
monocrystalline quartz, feldspar and total lithic fragments [unstable lithic fragments 
plus (stable) polycrystalline quartz fragments] in Phokphur conglomerate based on 
point counting of 400 points in thin section. As anticipated, all samples are 
concentrated in the Recycled Orogen region of the diagram except for NG07, which 
has been discounted due to a high proportion of matrix. NG10 has also been 
discounted. 
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Figure 9. The least instructive of all diagrams shows all Phokphur conglomerate 
samples plotted along the Qp/Lv axis. Color-coded fields are based on data from 
Dickinson and Suczek (1979). Qp-polycrystalline quartz, Lv-lithic volcanic 
fragments, Ls-lithic sedimentary fragments. 
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Figure 10. Phokphur conglomerate samples plotted on a Garzanti et al. (2007) ternary 
diagram depicting lithic populations. While the samples plot across a wide area of the 
ternary diagram, they still fall between the “dissected” and “undissected” ophiolite 
fields as defined by Garzanti et al. (2007). Lm-lithic metamorphic fragments, Lu-
ultramafic lithic fragments. 
 
Detrital zircon geochronology 
 Overall, detrital zircon populations show similar peaks across all fourteen 
Phokphur conglomerate samples. Probability density spectra show major peaks in the 
Jurassic, Permo-Triassic, Cambrian and Mesoproterozoic. All samples also show 
various minor Archean and older peaks (see Fig. 11). 
Samples NG01-04 were all collected from the same location just north of the village 
of Salumi (Fig. 5) and all are dominated by ophiolitic detritus. Sample NG01 exhibits 
prominent peaks at 90, 180, 225, 250 Ma and smaller peaks at ~500, 600, 1100, 2275 
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and 2730 Ma. Of particular note in sample NG01 are two ~90 Ma detrital zircons that 
were not found in any other sample of Phokphur conglomerate, including those 
collected at the same locality. Sample NG02 has major peaks at 190, 245, 260 and 
540 Ma with minor peaks at 1100, 1600, 2500 and 2870 Ma. NG03 major peaks occur 
at 190, 220, 525 and 585 Ma with minor peaks at 900, 1165, 2610 and 2710 Ma. 
NG04 has prominent peaks at 270 and 495 Ma with minor peaks at 1100, 1740, 2030, 
2660 and 2730 Ma. It appears that all four samples exhibit a Permian-Early Triassic 
peak (~200-250 Ma) and a ~500 Ma peak. All the samples from this locality also 
exhibit a peak for ~1100 Ma. The minor inherited peaks seen in all samples all fall 
within a range of about 2700 Ma and older.  
Samples NG05 and 06A were both collected from the same location (Fig. 5) on the 
road south from Wazeho, slightly southwest of Lacham Lake. Sample NG05 has 
strong peaks at 240, 470 and 1920 Ma with minor peaks at 2270, 2715 and 2980 Ma. 
Sample NG06A exhibits a very strong peak at 535Ma and minor peaks at 220, 285, 
1075, 1150, 1690, 1980 and 3140 Ma. Both samples exhibit similar Permian-Early 
Triassic (~220-285 Ma), Cambrian (470-535 Ma) and Paleoproterozoic peaks (1920-
1980 Ma). 
NG06B exhibits major peaks at 210, 480, 560 and 1135 Ma with minor peaks at 2120, 
2770 and 3250 Ma. NG07 exhibits a strong prominent peak at 515 Ma with minor 
peaks at 210, 750, 1150, 2565 and 2750 Ma.  
Samples NG08 and 09 were both collected from the same locality (Fig. 5) on the road 
south from Wazeho (just slightly further south along the road than samples NG05-
06A). NG08 exhibits strong peaks at 240, 535 and 705 Ma with minor peaks at 1180, 
1730, 2000, 2310 and 2540 Ma. NG09 exhibits a very prominent peak at 560 Ma and 
another major peak at 230 Ma. Minor peaks occur at 465, 810, 1085, 2620 and 3295 
Ma. Both NG08 and 09 have Early Triassic peaks (230-240 Ma) as well as a very late 
Neoproterozoic-Cambrian peak (~465-535 Ma). They also both have peaks at ~2700 
Ma. 
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Figure 11. Detrital zircon spectra for Phokphur Formation conglomerate samples 
NG01-13. Samples show Jurassic, Permo-Triassic, Cambrian, Mesoproterozoic and 
Archean peaks. Uncertainty is plotted at the 2σ level. Note: diagrams in the left 
column show a spectrum out to 3500 Ma while the right hand column focuses on a 
spectrum to only 500 Ma. Probability density diagrams were constructed using Isoplot 
software from the University of California at Berkeley (Ludwig, 2012). 
 
Sample NG10 and 11 were collected from the same location south of Wazeho and 
northeast of Lacham Lake (Fig. 5). Sample NG10 has a very prominent peak at 555 
Ma with other peaks at 260, 300, 970, 2695 and 3240 Ma. Sample NG11 has 
prominent peaks at 245, 535 and 1000 Ma with minor peaks at 400, 2695 and 3475 
Ma. They both show peaks in the latest Permian to early Triassic (260-245 Ma), the 
earliest Cambrian (555-535 Ma), around 2700 Ma, and a peak around ~3300 Ma. 
Samples NG12 and 13 were both collected at the same locality (Fig. 5) south of 
Wazeho and northeast of Lacham Lake (slightly further north than NG10-11). Sample 
NG12 has a very prominent 510 Ma peak with other major peaks of 230, 590 and 965 
Ma. Minor peaks include 1190, 1995, and 2690 Ma ages. Sample NG13 has major 
peaks at 175 and 500 Ma. Minor peaks occur at 240, 1080, and 2700 Ma. The 
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probability density graphs of each sample show similar peaks around ~230-240, 
1000-1200 and 2700 Ma. 
Discussion 
Orogenic Provenance 
Field observations clearly indicate an ophiolite provenance for the Phokphur 
Formation. Samples of the Phokphur Formation show ophiolite-derived clasts such as 
chert, serpentinite and gabbro in both hand specimen and thin section. The position of 
the Phokphur Formation unconformably atop the Naga Hills Ophiolite further points 
to a source/detritus relationship. Furthermore, the Dickinson and Suzcek (1979) and 
Garzanti et al. (2007) QFL methodologies confirm field-based interpretation that the 
Phokphur conglomerate is of recycled orogenic provenance. Additionally, changes in 
stratigraphic level can be seen in the Phokphur conglomerate samples. Samples near 
Salumi and Moki contain less quartz and more ophiolitic material due to their 
proximity to the depositional contact of Phokphur conglomerate and the NHO. In 
contrast, samples collected further south nearer to the faulted contact of the Phokphur 
Formation and NHO are stratigraphically higher and contain less ophiolitic detritus 
and more Indian-derived material.  
Based on the descriptions of Dickinson and Suczek (1979), all samples have the 
characteristics of a recycled orogen provenance. That the samples plot on a ternary 
diagram where the oceanic to continental crust ratio is highest reflects the Phokphur 
Formation’s ophiolite provenance. As shown in Figs. 7 and 8, the samples also plot in 
the Recycled Orogen provenance field, as they all plot in the bottom right apex of 
Recycled Orogen provenance where the chert to quartz ratio is highest. This is 
appropriate as eight out of thirteen samples contain an abundance of chert grains 
relative to quartzose grains. Some samples contain as much as nine to twenty times 
the abundance of chert to quartz grains. 
The location of the samples on a ternary plot of Qp, Lv and Ls (Fig. 9) is less 
instructive. The majority of samples occur along the Lv/Qp axis. While this region of 
the diagram does not clearly indicate a source (Dickinson and Suczek, 1979), the 
location of the samples on the plot is roughly in agreement with derivation from an 
ophiolite.   
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The pioneering work of Dickinson and Suczek (1979) is discussed and built upon by 
Garzanti and co-workers based on their studies of modern orogenic systems published 
in a 2007 volume of the Journal of Geology. Based on the abundance of serpentinite 
grains in many samples, we suggest the samples best fit within the “Ophiolite 
Provenance” defined by Garzanti et al. (2007). The samples all plot at the bottom 
right hand side of the QFL ternary diagram (Fig. 7), closest to the L pole, which 
Garzanti et al. (2007) suggest as a typical composition for sandstones derived from 
dissected ophiolites. The ternary diagram in Figure 10 focuses on the lithic 
population. All samples plot between the “dissected” and “undissected” ophiolite 
fields of Garzanti et al. (2007). 
All four ternary diagrams indicate a recycled orogen (Dickinson and Suczek, 1979) or 
ophiolite (Garzanti et al., 2007) provenance for the Phokphur Formation. Thus, the 
analysis of this study serves to validate the petrographic methodologies of both 
Dickinson and Suczek (1979) and Garzanti et al. (2007), suggesting that both methods 
should be effective for discovering the provenance of more distally located samples 
where depositional relationships cannot be readily observed.  
The location of Phokphur samples on the QFL and QmFLt ternary diagrams compare 
well with Pliocene to Pleistocene sandstones of the Coastal Range in eastern Taiwan 
(Dorsey, 1988) as both occur within the bounds of the Recycled Orogen provenance 
region (Figs. 7, 8 and 12). Taiwan was (and is being) formed as a result of oblique 
collision between the Luzon island arc and continental margin of Eurasia (China) 
(Dorsey, 1988). It presents a unique opportunity for the study of arc-continent 
collision as the collision is slowly propagating southward, allowing geologists to 
study each stage of development of the arc-continent collision in detail. Early 
Pleistocene to early Pliocene Coastal Range conglomerates collected by Dorsey 
(1988) and Phokphur sediments are both heavily enriched in lithic fragments relative 
to quartz or feldspars. The early stages of collision of the Luzon arc with the passive 
margin are recorded in sandstones rich in zoned plagioclase, volcanic lithic fragments 
and pelagic forams but poor in quartz or sedimentary lithic clasts (Dorsey, 1988). 
Similarly, Phokphur Conglomerate samples are enriched in volcanic lithic fragments 
and contain minor quartz but have only a minor feldspar content. Younger 
conglomerates in the Coastal Range record increasing amounts of lithic metamorphic 
fragments, with a gradual shift from lower to higher grade as the metamorphic 
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complex was exposed and eroded further (Dorsey, 1988). Lithic metamorphic clasts, 
particularly serpentinite, are prevalent in Phokphur sediments due to derivation from 
the ophiolite. Phokphur Conglomerates are poor in feldspar and rich in sedimentary 
lithic fragments in contrast to Coastal Range samples collected by Dorsey (1988) but 
these differences are likely due to petrologic differences in an arc-continent collision 
vs. collision of an ophiolite-continent. 
 
 
 
Figure 12. Ternary diagrams depicting sandstones from the Coastal Range of Taiwan, 
taken from Dorsey (1988). These sandstones plot in the Recycled Orogen region of 
the ternary diagrams, the same as the Phokphur conglomerate samples in this study. 
Thus, it is likely the Coastal Range sandstones and Phokphur conglomerates 
developed under similar tectonic circumstances. 
 
Detrital zircon age peaks 
 The detrital zircon sources suggested in the following text are discussed in the 
context of Nagaland’s position in tectonic reconstructions at the appropriate times. It 
is safe to say India (and by association Nagaland) did not arrive at the Eurasian 
margin until ~55 Ma at the very earliest (Aitchison et al., 2007; Searle et al., 1987) 
and likely did not separate from Gondwana until the Cretaceous (Acton, 1999). 
Therefore, a thorough investigation of the sources of Phokphur conglomerate material 
must examine Nagaland’s position in Gondwana. Also, detrital zircon data from 
sample NG01 show two grains dated as ~90 Ma. Given that these were by far the 
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youngest ages amongst all Phokphur conglomerate detrital zircon samples (including 
NG02-04 from the same locality), these two zircons were analysed a second time and 
their young ages were reaffirmed. While it is unclear what magmatic event is 
responsible for these two zircons, it does indicate the time of emplacement of NHO 
must have been <90 Ma.  
Archean and older ages 
Many of the oldest peaks in our Phokphur conglomerate samples are likely linked to 
detritus from the Archean-age Yilgarn Craton of Western Australia. The Yilgarn is 
one of two cratons making up Western Australia and has been relatively stable for the 
past 2.4 Gy (Trendall, 1990). Approximately 80% of outcrops within the Yilgarn 
Craton are granite-greenstone terranes, most aged 3.0 to 2.6 Ga; the remaining 20% of 
outcrops are gneisses.  
All but one Phokphur sample exhibits a ~2700 or 2750 Ma peak. There is a great deal 
of evidence for magmatism at this time in Western Australia, particularly 
southwestern Australia. Trendall (1990) notes that granitoid intrusions emplaced 
between 2.75-2.55 Ga are commonly found cutting through gneiss complex in the 
Western Gneiss Terrain of the Yilgarn Craton. Bosch et al. (1996) reported zircons in 
the range of 2670-2660 Ma from the Jimperding Metamorphic Belt in southwestern 
Yilgarn Craton, which he cited as evidence for the timing of a large-scale tectonic and 
metamorphic event in the region. Trendall (1990) reported gneisses aged 2.7 Ga from 
the Narryer Gneiss Complex of Western Australia on the basis of his personal 
communication with William Compston in 1986. Pidgeon and Wilde (1990) suggest 
there were two episodes of volcanism in the Yilgarn Craton at 2.7 Ga and 3.0 Ga 
following their study of detrital zircons collected from felsic rocks of the region’s 
greenstone belts. Nemchin and Pidgeon (1997) report zircons from granites within the 
Darling Range Batholith with “nearly concordant” ages ranging from 2690 to 2650 
Ma.  
Mesoproterozoic ages 
All Phokphur Conglomerate samples exhibit various peaks in the range of ~1000-
1200 Ma. Given Nagaland’s place in tectonic reconstructions of Gondwana, these 
detrital zircons are likely derived from various tectonic phases of the Albany-Fraser 
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Orogen (Fig. 13). The Albany-Fraser Orogen is characterized by “high-grade 
gneisses, granitoid intrusions, and polyphase deformation” according to Myers 
(1990a). The main episode of magmatic activity of the Albany-Fraser Orogen is 
typically thought to have occurred from ~1300-1150 Ma [e.g. Black et al., (1992), 
Fitzsimmons, (2000), Myers, (1990c)] but tectonic activity related to the orogeny may 
have begun as early as 1.8 Ga (Myers, 1990a).  
                
 
Figure 13. Map of Greater India (location approximate) and western Australia 
showing the major cratons and orogens of the region including the Yilgarn Craton and 
Albany-Fraser Orogen, likely important sources for some of the detritus in Phokphur 
conglomerate. The black dot shows approximate location of Late Permian to Early 
Triassic age rhyolites discussed later in this paper and originally by Veevers and 
Tewari (1995). The red dot represents approximate location of Nagaland in Greater 
India. Original map from Cawood and Nemchin (2000).  
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The variation in detrital zircon peaks (~1000, 1050, 1100, 1150 Ma) in the Phokphur 
conglomerates indicates there may have been more than one phase of activity during 
the Albany Fraser Orogen. Previous geochronology studies have also provided 
evidence in support of the existence of multiple stages of tectonic activity (Clark et 
al., 2000; Fitzsimmons, 2000; Nelson et al., 1995). Clark et al. (2000) reported 1321 
Ma detrital zircons and 1154 Ma metamorphic rutiles near Mount Ragged, Western 
Australia. Their detrital zircon studies produced density probability spectra with two 
distinct peaks from 1345 to 1260 Ma and from 1214 to 1140 Ma. Nelson et al. (1995) 
reported 1300 Ma granitic intrusives and metamorphism in orthogneiss and gabbro of 
the Fraser Complex as well as younger 1190 to 1130 Ma intrusives in the eastern 
Yilgarn Craton (Fig. 13). Fitzsimmons (2000) reported evidence from detrital zircons 
that three distinct orogenic events had occurred amongst six separate provinces. He 
suggested magmatic activity in the region from 1330-1130 Ma and 1200-1130 Ma 
corresponded with collision of the Wilkes and Albany-Fraser province, 1090-1030 
Ma in the Maud-Namaqua-Natal province, and 990-900 Ma with the Rayner-Eastern 
Ghats collision. Interestingly, Cawood et al. (2007) reported broad peaks from 1.4-0.9 
Ga in their detrital zircon spectra from rocks of the Kathmandu region of Nepal. 
These broad peaks in conjunction with those reported by Fitzsimmons (2000) 
suggests the conduit for sediment drainage included all three amalgamated provinces, 
thus pointing to the existence of a large scale mountain chain at this time (Cawood et 
al., 2007). 
Sircombe and Freeman (1999) reported detrital zircon spectra with dominant Neo- 
and Meso-proterozoic peaks in placer deposits from Western Australia. These results 
challenged the widely held belief that such material was derived from the Archean 
Yilgarn craton. Cawood and Nemchin (2000) reported similar results from their 
detrital zircon study of sandstones from the Perth Basin. Sircombe and Freeman 
(1999) suggested the Leeuwin Block (of the little-studied Pinjarra Orogen) and 
Albany Fraser Orogen as alternative sources for Neo- and Meso-proterozoic detritus 
in this region. Cawood and Nemchin (2000) supported these suggestions with the 
addition of the Northampton Block, another piece of the Pinjarra Orogen. 
The Pinjarra Orogen is buried beneath a thick layer of Phanerozoic sedimentary rock 
making Pinjarra outcrops scarce; thus, the orogen has not been extensively studied. 
The Pinjarra Orogen is divided into the Northampton Block, Leeuwin Block and 
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Mullingara Inlier, all of which are fault-bounded. Myers (1990b) suggested the first 
period of Pinjarra tectonic activity occurred around 2.0 Ga with additional episodes of 
activity at around 1.1 Ga and 650-750 Ma. Bruguier et al. (1999) reported detrital 
zircons aged 1150-1450 in high-grade rocks of the Northampton Complex but 
suggested they originated from areas further south in the Pinjarra Orogen or from 
Greater India (which is “adjacent to Northampton Complex in reconstructions”). 
Geochronologic studies of the Leeuwin Block have traditionally indicated an Early 
Cambrian age (Budd, 2001; Wilde and Murphy, 1990). Thus, the ~1100 Ma peaks 
seen in Phokphur conglomerate detrital zircon spectra are likely derived from the 
Albany-Fraser Orogen or from the Northampton Block of the Pinjarra Orogen. 
Additionally, given that six of fourteen samples display a moderate ~650-750 Ma 
peak, it is also possible that Leeuwin Block detritus is incorporated into Phokphur 
conglomerate. 
Cambrian ages 
A Late Cambrian-Early Ordovician peak seen in all samples of the Phokphur 
Conglomerate is likely to represent material derived from an early Paleozoic 
Gondwana event referred to as the Bhimphedian Orogeny (Cawood et al., 2007). 
Evidence of Early Paleozoic tectonism has been reported by several researchers in the 
Himalaya [e.g. Cawood et al., (2007); Garzanti et al., (1986); Gehrels et al., (2006); 
Myrow et al., (2006)]. Myrow et al. (2006) reported a Cambrian to Ordovician 
unconformity overlying the Parahio Formation of the Tibetan Himalaya and, on the 
basis of biostratigraphic evidence, estimated a break in sedimentation lasting at least 
15 M.y.. Further pointing to an orogenic event at this time is the U-Pb zircon dating of 
Lesser Himalayan granites and metasedimentary xenoliths in Nepal, which indicated 
an emplacement age of 475 Ma (with the granite’s maximum age being 500 Ma) 
(Cawood et al., 2007). Both show detrital zircon ages from Archean to early 
Paleozoic with major late Mesoproterozoic and late Neoproterozoic peaks (a 
characteristic Gondwana signature, representing Grenville and Pan-African age 
detritus, respectively). The Cawood et al. (2007) investigation into granite 
emplacement shows the granites were formed between 530-470 Ma and “are an 
integral component of the…Bhimphedian Orogeny”. Gehrels et al. (2006) found 
evidence of Early Ordovician metamorphism in rocks of the Bhimphedi group (of the 
Kathmandu thrust sheet overlying the Lesser Himalaya sediments) as well as evidence 
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of local deformation from at least 484 Ma to 473 Ma. Additionally, their U-Pb detrital 
zircon analysis of Bhimphedi sediments showed a 520-500 Ma age peak. Gehrels et 
al. (2006) also confirmed an unconformity in the region between the Bhimphedi and 
Phulchauki Groups (supporting the earlier observations of Stöcklin (1980)). 
Garzanti et al. (1986) interpreted changes in sedimentation in the Tethys Himalaya at 
the Cambro-Ordovician boundary as evidence of a change from a passive margin to 
convergent margin setting. In addition, the 520-500 Ma detrital zircons reported by 
Gehrels et al. (2006) were thought to have been derived from arkosic sandstones and 
thus could be tied to a magmatic arc source. It has been suggested that these 
Ordovician-Early Cambrian detrital zircons are the products of a magmatic arc 
extending along the northern Gondwana margin as far as Iran [e.g. Cawood et al., 
(2007); Ramezani and Tucker, (2003)]. Cawood et al. (2007) suggest the previously 
stable Indian passive margin transitioned to an Andean-style subduction margin 
around Cambrian time as a result of the final amalgamation of Gondwana. They 
interpret the presence of granite xenoliths as evidence that tectonic deformation and 
granite emplacement occurred concurrently with this convergent margin activity. This 
model may be problematic given the relatively small likelihood of subduction 
initiation right at the continent-ocean boundary where oceanic crust is at its oldest and 
strongest. 
Evidence of the orogeny appears to span a wide time interval throughout the region; 
Kathmandu deformation occurred around 490-480 Ma (Cawood et al., 2007) while 
data from elsewhere in the Himalaya shows evidence of metamorphism and granite 
emplacement by 530 Ma or earlier (Myrow et al., 2010). Myrow et al. (2010) found 
evidence of passive margin sedimentation at the latest Cambrian in his collection of 
samples from along the length of the Himalayan orogeny. It appears that any Late 
Cambrian to Early Ordovician Bhimphedian Orogeny was finished by the mid-
Ordovician given the lack of evidence of magmatic activity along India’s northern 
margin younger than 470 Ma.  
Triassic-Permian ages 
All detrital zircon samples from the Phokphur conglomerate exhibit both an early and 
late 200 Ma peak or a broad range between 200-300 Ma. These peaks have been 
reported in very few detrital zircon studies (this work accounting for one of only five), 
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including Aikman et al., (2008), Li et al. (2010), Aitchison et al. (2011) and Webb et 
al. (2012). These studies sampled rocks of the Tethyan Himalaya Series (THS) in the 
less-studied eastern Himalaya region. All reported ~280-220 Ma peaks are similar to 
those found in our Phokphur conglomerate samples. Detrital zircon probability 
spectra from Late Triassic samples from the THS differ from Late Cretaceous THS 
samples of known Indian affinity (Li et al., 2010; Webb et al., 2012). Li et al. (2010) 
reported an uncharacteristic cluster of U-Pb ages from ~266-224 Ma in samples of the 
Upper Triassic Songre and Nieru formations. Interestingly, the Late Triassic samples 
also exhibit distinctive juvenile εHft values (+5.5 -+13.5) (Li et al., 2010), unknown 
previously in THS samples. Additionally, Nd compositions are markedly different 
between THS samples of Late Triassic vs. Cretaceous age; Late Triassic εNd(210 Ma) 
values range from -3.45 to -7.24 while Early Cretaceous εNd(130 Ma) values range 
from -15.24 to -16.61 (Dai et al., 2008). Webb et al. (2012) found great similarity 
between his Late Triassic and Early Cretaceous quartz arenite samples (one sample of 
each) from the THS except for a distinct ~280-220 Ma cluster and defined 570 Ma 
peak in his Late Triassic sample that was entirely absent from his Early Cretaceous 
sample. Aitchison et al. (2011) reported a ~250 Ma detrital zircon population in a 
Liuqu Conglomerate sample (06T12) collected south of Xigaze, near Xialu 
Monastery. Here, the Liuqu Conglomerates are deposited atop red ribbon bedded 
cherts of the Bainang terrane (Davis et al., 2002; Ziabrev et al., 2004). Above the 
basal beds, the Liuqu conglomerate becomes polymictic containing chert and 
abundant Triassic age quartzite clasts locally derived from the adjacent THS. It seems 
likely that the 250 Ma detrital zircon peak is associated with these quartzite clasts.  
Late Triassic THS samples are also comparable to samples from the Lhasa terrane to 
the north in terms of Nd isotopes (Dai et al., 2008), εHft values (Li et al., 2010) and 
detrital zircon populations [e.g. Leier et al., (2007; Zhu et al., (2011)] except that the 
Lhasa terrane detrital zircons lack the 200-300 Ma peaks found in Late Triassic THS 
sediments (Li et al., 2010). Li et al. (2010) suggested that derivation of Late Triassic 
THS material from Lhasa terrane is supported by paleocurrent data inferring that Late 
Triassic strata may have been derived from a northern source. However, given the 
existence of the Neotethyan Ocean between the Lhasa terrane and northern India 
(which was part of Gondwana at this time) this is perhaps unlikely.  
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The lack of Late Triassic zircons reported in previous studies may be a result of two 
factors: first, Late Triassic peaks are confined to the eastern Himalaya region, which, 
until recently, workers bypassed in favor of research in the western Himalaya; second, 
the majority of previous studies have concentrated on detrital zircon geochronology 
studies of older rocks, thus precluding any possibility of finding Triassic zircons. 
Previous studies of Cretaceous THS sediments further west in Tibet [e.g. Aitchison et 
al., (2011); Myrow et al., (2010)] have not revealed any Triassic component.  
One unlikely explanation for the presence of Late Triassic samples in the THS is the 
rift-fill model presented by Dai et al. (2008). The rifting of Lhasa from India in the 
Late Permian to Early Triassic would have led to the shedding of Lhasa-derived Late 
Triassic flysch sediments that were transported through the rift zone and deposited on, 
what is today, India’s northern margin. However, this theory is highly unlikely given 
that the material would have to be transported back up through a rift-zone and onto 
India’s continental margin.  
Another suggested but impossible source for the Permo-Triassic zircons is 
magmatism associated with the closure of the Paleo-Tethys Ocean that once separated 
the East (Cathayisan affinity) and West Qiangtang (Gondwanan affinity) blocks along 
the Shuanghu suture (Pullen et al., 2008; Yang et al., 2011; Zhang et al., 2013). The 
Shuanghu suture is marked by the high to ultrahigh pressure Qiangtang Metamorphic 
Belt (QMB). Yang et al. (2011) reported a suite of Late Permian to Early Triassic 
volcanic rocks intruded by Early Triassic granites in north-central Tibet. U-Pb 
analysis of 65 zircon grains revealed a “previously unknown stage of subduction-
related magmatism” from ~275 to 248 Ma on the eastern Qiangtang block’s southern 
border that occurred concurrently with the metamorphism of the present-day QMB. 
The Yang et al. (2011) model suggests northwards subduction of Paleo-Tethys under 
the eastern Qiangtang block began sometime around the Early Permian, during which 
time blueschist-facies metamorphism occurred. In the Late Permian, material eroded 
from the eastern Qiangtang block was subducted along with Paleo-Tethys oceanic 
crust and subjected to eclogite metamorphism. In the Early Triassic, the (ultra-) high 
pressure metamorphic rocks were exhumed, thus forming part of the Qiangtang 
Metamorphic Belt mélange. Despite the occurrence of similar aged magmatism, 
neither Lhasa nor Qiangtang provide a possible source for the Permo-Triassic zircons 
seen in Phokphur conglomerate as downstream transportation of heavy minerals 
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would have been precluded by the existence of the subduction-related trench and a 
wide stretch of ocean. 
Veevers and Tewari (1995) reported Late Permian to Early Triassic rhyolites from 
Western Australia. This provides the simplest and most likely answer to the 
mysterious source of the Permo-Triassic detrital zircons found in Phokphur 
conglomerates in northeast India. The rhyolites were intersected in a study of old drill 
holes in the Carnarvon Basin region. These rhyolites are well positioned to be the 
source of the Permian-Triassic zircons discovered in the Phokphur conglomerate 
samples based on reconstructions of Gondwana which place India adjacent to western 
Australia (Fig. 14). As Veevers and Tewari (1995) point out, these rhyolites would 
have formed contemporaneously with the Siberian Traps (Veevers and Tewari, 1995), 
Emeishan Basalt (Ali et al., 2005; Yang et al., 1986) and magmatism along the 
Pathalassan margin of Gondwanaland (Veevers et al., 1994). However, they may be 
unrelated. Given the age of the volanics and their association, it is perhaps more likely 
that the volcanics are associated with Neotethyan rifting along the margin of northern 
India and breaking off of the Lhasa terrane.  
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Figure 14. Gondwana reconstruction at 150 Ma when Greater India was positioned 
adjacent to western Australia. The red dot represents approximate location of 
Nagaland. The black dot represents approximate location of Enderby-1, where Permo-
Triassic rhyolites were reported (Veevers and Tewari, 1995). Original reconstruction 
generated using Ocean Drilling Stratigraphic Network Reconstruction Service 
(ODSN, available at http://www.odsn.de/odsn/services/paleomap/paleomap.html). 
 
Jurassic ages 
All Phokphur conglomerate samples exhibit a major peak at ~190-200 Ma. 
Observations of stratigraphic relationships in the field, Phokphur conglomerate hand 
specimens and thin sections indicate this peak represents detritus from the NHO that 
has been incorporated into the Phokphur Formation. Observation of Phokphur 
conglomerates in hand specimen indicates much of the material is ophiolite-derived; 
clasts consist of chert, serpentinite and gabbro. The Phokphur Formation deposited 
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directly upon an eroded surface of Naga Hills ophiolitic rocks. Immediately above 
this contact, the majority of clasts are of proximal derivation and the conglomerates 
are dominated by ophiolitic detritus. Further up-section, an increasing amount of 
Indian-derived material is present. 
Several attempts have been made to constrain the age of the NHO. Duarah et al. 
(1983) examined radiolarians in samples of the Disang Formation and concluded a 
late Jurassic to Lower Cretaceous age. Sarkar et al. (1996) reported an age of 148±4 
Ma on the basis of K-Ar dating of basalts collected southeast of Wazeho. Most 
recently, Baxter et al. (2011) recovered well-preserved radiolarian tests from chert 
samples collected from red ribbon bedded radiolarian cherts overlying pillow basalts 
outside Salumi and reported an Upper Jurassic age for the NHO. 
              
Figure 15. Faulted contact between gently dipping conglomerate beds of the 
Phokphur Formation (left) and serpentinite-matrix ophiolitic mélange of the Naga 
Hills Ophiolite (right). View looking northwest. Image taken slightly south of the 
village of Wazeho on the road to Lacham Lake, approximately 25.548920° N, 
94.763503° E.  
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Figure 16. Phokphur Formation conglomerate photographed at GPS location 
25.82233° N, 94.91855° E along the road east of Pungro village leading to the village 
of Salumi.  
Conclusions 
This study sought to analyse detrital zircons of the Phokphur Formation 
conglomerate in an effort to constrain the timing of emplacement of the Naga Hills 
Ophiolite. Analysis of the detrital zircon population of Phokphur conglomerate also 
unlocked valuable information regarding other Gondwana source terranes. 
Detrital zircon populations of Phokphur conglomerate samples constrained timing of 
NHO emplacement to less than 90 Ma. This is due to the presence of two zircons aged 
~90 Ma found in sample NG01 (55.1 and 56.1). Oddly enough, sample NG01 was 
collected at the same location as three other Phokphur samples (NG02, 03, 04) and 
yet no other sample produced any grains younger than 190 Ma. This discovery serves 
as further proof of the capability of the SHRIMP instrument to uncover small zircon 
populations that are typically not detected using other methods. A test of the 
capability of conventional techniques to pick out the 90 Ma population would be an 
intriguing study, akin to the work of Amelin (1998) and Kober et al. (1989) to find the 
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Hadean age zircons of Western Australia found by Froude et al. (1983) using 
SHRIMP years earlier. However unlikely, the fortunate discovery of the two 90 Ma 
zircons proves exceptionally important in this study of the NHO. While it is now 
evident there was a period of magmatic activity around 90 Ma, further details of this 
event are unknown making continued research of the NHO and potential Gondwana 
source terranes of critical importance. 
The clastic sediments of the Phokphur Formation reveal the presence of detrital 
material from Jurassic, Permo-Triassic, Cambrian, Mesoproterozoic and Archean 
magmatic events. The presence of Jurassic age detritus is likely a result of ophiolitic 
material given that field observations indicate a source/detritus relationship and the 
NHO’s age has been well constrained to Upper Jurassic (Baxter et al., 2011). This 
work suggests that any older detrital zircon peaks in Phokphur conglomerate represent 
detritus from India’s previous position off the edge of western Australia as part of the 
supercontinent Gondwana. Permo-Triassic zircons can be traced back to an unknown 
event in western Australia evidenced by the presence of Permo-Triassic age rhyolites 
in the Carnarvon basin (Veevers and Tewari, 1995). The early Paleozoic 
Bhimphedian Orogeny (Cawood et al., 2007) and Albany-Fraser Orogen are the likely 
sources of Cambrian and Mesoproterozoic zircons in Phokphur conglomerate, 
respectively. Archean and older zircons most likely originate from the >2.4 Ga 
Yilgarn Craton of Western Australia (Trendall, 1990).  
As discussed in this work, observations of local stratigraphic relationships and 
Phokphur conglomerate hand specimens were highly indicative of a source/detritus 
relationship between the NHO and Phokphur Formation. The heavy concentrations of 
chert, serpentinite and gabbro in conglomerate thin sections further supported this 
connection. The field interpretation of the Phokphur Formation’s ophiolitic source is 
supported by a recycled orogenic provenance result from the Dickinson and Suczek 
(1979) and Garzanti et al. (2007) sedimentary provenance frameworks. Ternary 
diagrams created based on Phokphur conglomerate point counting data reaffirmed a 
recycled orogen (Dickinson & Suczek, 1979) and ophiolitic (Garzanti et al., 2007) 
source and thus serve as validation of both methods. 
Given that the Naga Hills has not been the subject of extensive study, this work 
provides a first step towards an in-depth understanding of this unique region. An 
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increase in research of the NHO could produce breakthrough knowledge on ophiolite 
generation as it offers scientists the rare opportunity to analyse a complete ophiolite 
suite within a relatively small area. The NHO likely contains a great deal of 
information specific to regional tectonics, as well. The NHO occupies a unique 
tectonic and geographic position and its relationships with the YTSZ or Andaman 
ophiolite belts have yet to be the topic of dedicated research. Occurring just south of 
the Eastern Himalaya Syntaxis and likely representing the suture of the Indian and 
Myanmar plates, extensive study of the NHO will likely prove to be a key step to a 
comprehensive understanding of the India-Burma and India-Asia collisions. Due to 
inaccessible field sites, the India-Burma collision is little understood. The India-Asia 
collision is of particular geologic significance as it represents the type example of 
continent-continent collision on Earth today. Continued research in the Naga Hills 
region will be an important contribution to a thorough understanding of these 
complex collisions, will lead to more creative and innovative geological research and 
will lead the way to a deeper understanding of Earth’s history. 
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